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Abstract
Reliable, low-cost wireless communication is indispensable for sustainable economic develop-
ment. The increasing demand for wireless data services is quickly saturating existing wireless
channel capacity. This saturation can be tackled by introducing diversity offered by multiple-
input multiple-output (MIMO). Besides offering diversity, MIMO is one of the promising tech-
niques to deal with channel fading and requires more than one antenna at the transmitter and
receiver end. However, implementation of MIMO using multiple antennas on small handheld
devices in some wireless networks may not always be practical due to the size of the user
terminals/nodes. The main contribution of this doctoral thesis is to capitalize on the enticing
gains offered using MIMO, by incorporating cooperative techniques and hence, provide a base-
line that cooperation at the physical layer can potentially improve the performance of wireless
communication in terms of error rate and coverage expansion. An innovative multiple relay
selection scheme is proposed where the selected relays form a distributed antenna array to serve
the users cooperatively by exploiting the broadcast nature of the wireless channel.
First, we explored the potential use of transmit diversity by proposing an opportunistic
relay selection scheme to improve diversity using the concept of a virtual single-input multiple-
output - multiple-input single-output (SIMO-MISO) antenna array. Incorporating multiple users
as virtual distributed antennas not only helps combat fading but also provides a significant
advantage in terms of energy consumption. The proposed efficient multiple relay selection
scheme uses the concept of the distributed Alamouti scheme in a time-varying environment to
xi
realize cooperative networking in wireless relay networks. This provides a platform to analyse
the performance in terms of probability of outage, Diversity-Multiplexing Trade-off (DMT)
and Bit-Error-Rate (BER). The proposed scheme is capable of achieving promising diversity
gains by operating at a much lower Signal-to-Noise Ratio (SNR) for an acceptable BER, when
compared with conventional relay selection methods.
Next, we extended the proposed relay selection scheme with a sequentially transmitting
source node to allow a seamless transmission. An optimal cooperation strategy called Decode-
to-Cooperate (DC) is proposed and investigated for performance improvements in dual-hop
wireless relay networks. Based on a Decode-and-Forward (DF) approach with multiple relay
selection, we design a novel scheme such that the source node keeps transmitting sequentially
and the selected relays cooperate by transmitting the decoded signal using distributed Alamouti
coding. We exploited the multipath propagation effect of the wireless channel to achieve a
lower probability of error and introduce optimum power allocation and relay positioning. We
analysed the scenario when the source to destination direct link is not available and derived
a closed-form expression for Symbol-Error-Rate (SER), its upper bound and an asymptoti-
cally tight approximation to exploit the performance gain by selecting the optimum relays in
a multiple relay cooperation scheme. Moreover, asymptotic optimum power allocation (based
on the SER approximation) and optimal relay positioning are also considered to improve the
SER further. The proposed relay selection scheme outperforms cooperative (DF) and non-
cooperative schemes by more than 2dB.
Finally, we incorporated the DC scheme to an existing wireless standard (i.e., IEEE 802.11a)
and studied its performance on Universal Software Radio Peripheral Reconfigurable Input/Output
(USRP-RIO) platform under realistic conditions. Cooperative communication can attain lower
error probability in wireless networks by exploiting the inherent broadcast nature and taking
advantage of multi-path propagation. The main challenge during the testbed deployment was
xii
to consider transmission under tightly synchronized nodes in a slow fading environment. Ex-
tensive experiments were performed to evaluate the performance of the testbed and the results
show that it can operate at lower transmit power and increase the coverage area for a desired bit
error rate (BER).
Performance analysis of the proposed scheme and its prototype testbed implementation
provided fruitful outcomes to conclude that incorporating cooperative techniques into existing
wireless communication can result in wireless terminals/nodes operating at low power and yet
achieve lower error rates. Based on performance gains, it can be considered for the design of
future wireless communication networks, especially for high density environments subjected to
direct communication constraint.
xiii
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Chapter 1
Introduction
1.1 Advancements in Wireless Communication
With the inception of wireless communications meeting the ever increasing demand of multime-
dia streaming traffic, lucrative solutions have been adopted and these solutions have contributed
massively towards the design of information exchange in wireless networks and shaping the
future of wireless networks. Recent technological advancements and particularly considering
wireless communication, have allowed the wireless user to manage an entire business setup
(24/7) virtually from anywhere in the globe. From a domestic user perspective, electronic
appliances are becoming intelligent and are controllable using small hand-held devices mak-
ing homes smarter to assist the differently abled and elderly. Building up on the notion of
integrating wireless communication into existing infrastructure such as the ‘Smart-Grid’, where
equipment and/or appliances connected to the grid can communicate using the wireless channel.
Video teleconferencing, webinars and video recordings are used for remote classrooms and/or
training facilities. Moreover, wireless sensors used in smart devices are applicable widely for
commercial and military applications.
Considering the widely used wireless standards Wireless Local Area Networks (WLANs),
which are capable of providing higher data rates within a small coverage area. Wireless devices
that make use of these LANs are usually stationary or moving at pedestrian speeds. Mostly,
1
2 CHAPTER 1. INTRODUCTION
WLAN users across the globe make use of one of the Industrial, Scientific and Medical (ISM) or
Unlicensed National Information Infrastructure (U-NII) frequency bands. Owing to the ‘free-
to-use’ nature of these frequency bands (typically 900 MHz, 2.4 GHz and 5.8 GHz), many
systems operate in these bands, causing a lot of interference. This interference can be avoided by
setting a limit on the power per unit bandwidth for ISM-band systems. First generation WLANs
mostly used Direct Sequence Spread Spectrum (DSSS) with data rates of 1−2 Mbps, operating
under 900 MHz band and used proprietary and incompatible protocols. This inadequacy of
standardization opened the doors for researchers as the resulting technology incurred high
developmental costs due to the low-volume production. This in turn paved the way towards a
second generation of WLANs operating in the 2.4 GHz and 5.8 GHz frequency band. For this,
IEEE 802.11b extension was developed to address the flaws of the first generation systems. The
standard takes advantage of Frequency-Hopping Spread Spectrum (FHSS) with theoretical data
rates of around 11 Mbps and a coverage of approximately 150 m. This extension of the IEEE
802.11 standards family is widely adopted and supporting products are constantly evolving for
higher data rate provisions and enhanced coverage. Later, DSSS was preferred over FHSS for
IEEE 802.11b. Another extension, IEEE 802.11a was also proposed to meet the demand of
higher data rates for streaming traffic. This WLAN standard operates in the 5.8 GHz ISM/UNII
band, which has a wider spectrum and less interference as it works on an Orthogonal Frequency-
Division Multiplexing (OFDM) principle and provides a theoretical data rate of 54 Mbps, but it
is limited in terms of coverage area (approximately one-third when compared to IEEE 802.11b).
Also, IEEE 802.11a was unpopular at that time owing to the adversity in manufacturing compo-
nents to work at this carrier frequency. So, the evolution of the IEEE 802.11 [1] continued and a
series of extensions IEEE 802.11g (basically IEEE 802.11a operating at 2.4 GHz with data rate
of 54 Mbps), IEEE 802.11n with multiple-input multiple-output (MIMO) OFDM waveforms
(and data rate of 600 Mbps), IEEE 802.11ac [2] supporting Multiuser MIMO (MU-MIMO) and
IEEE 802.11ad [3]using millimeter wave spectrum (operating in 60 GHz band), have been set
for industrial perusal.
1.1. ADVANCEMENTS IN WIRELESS COMMUNICATION 3
In terms of daily usage, wireless communication has also emerged as an essential require-
ment for users in the last decade. Due to its ubiquity and readily manageable aspects, it is
now considered as one of the fundamental modes of communication. Whether it is 4G cellular
communication (using cellular phones or tablets), Wi-Fi based WLAN communication at work,
home or a public place (using laptops, personal digital assistant, smart phones), or a wireless
Machine-to-Machine (M2M) communication e.g., Global Positioning Systems (GPS’s) in cars,
asset tracking systems in shipping and manufacturing sectors, or medical application devices,
researchers and scientists are constantly striving to provide solutions for the quickly saturating
wireless channel. Depending on the environment, wireless users experience detrimental wire-
less channel impairments like path loss, scattering, reflections and shadowing effects, collec-
tively called as fading, and illustrated in Figure 1.1. Beside these channel impairments, another
important factor as described above is the interference, adding up to the adversity caused by
fading in wireless communication.
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Figure 1.1: Wireless signal propagation and its impairments
In view of the design requirements required to overcome the challenges in wireless com-
munication, new ideas are presented to address the needs and overcome the adverse effects
of fading and interference. Addressing these effects in the past led to some trade-off’s in
terms of degraded performance, but now, much emphasis is laid upon exploiting these features
in achieving the desired performance. For example, Single-Input Multiple-Output (SIMO),
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Multiple-Input Single-Output (MISO), Multiple-Input Multiple-Output (MIMO) communica-
tions are used under rich scattering wireless environments to overcome the fading. Likewise,
relaying in wireless networks takes advantage of the broadcast nature of wireless transmissions.
Providing solutions to overcome the adverse effects of wireless channel can eventually improve
the reliability of wireless networks.
1.2 Need for Cooperative Wireless Communication
Addressing the highlighted limitations to wireless communication in the previous section, coop-
eration in wireless networks is one of the key developments in recent years to exploit the spatial
diversity by employing terminals/nodes called ‘relays’. Relay nodes are an integral part of
the cooperative process, interconnecting source and destination to achieve better performance.
The very concept of a relay network was introduced by Van der Meulen [4], with a three
node network known as the relay channel (Figure 1.2). Followed by, Cover and El-Gamal [5]
investigating the relay channel for its capacity. Depending upon the design considerations for
a relay network, capacity remains one of the open problems. Using the concept of space-time
block codes (STBC’s), a transmit diversity technique to improve performance of the wireless
communication was presented [6]. Research in relay networks, with a few exceptions, remained
dormant until the work on cooperative diversity renewed interest in relaying and cooperation
[7]. Cooperative communication, which is a form of mutual relaying between the network
nodes, not only extends the coverage area and reliability but also improves the capacity of a
fading channel. So, an efficient relay selection scheme based on a precise channel estimate
in a time varying channel still remains an open area for research and can contribute towards
resolving the above mentioned issues pertaining to wireless channel.
Wireless communications has observed tremendous technological advancements over the
last decade. Albeit distant by a few years, significant improvements are observed in terms of
achieved data rates, hardware size, and battery lifetime, with every new generation of wireless
devices. More recently, technological progression has encouraged researchers to think out
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Figure 1.2: Basic three node relay channel
of the box to propose wireless network protocols and develop associated architectures that
tergiversate from the traditional point-to-point communication with a central controlling node.
As an example, emergence of ad-hoc and cooperative wireless networks, where the canonical
taxonomy is relaxed to allow information exchange using any node, hence regulating additional
communication links involving multiple wireless hops. The broadcast nature inherent to the
wireless channel is the most emanating feature and is attracting new research directions aimed at
enhancing the overall performance. It also entails that this broadcast nature is exploited in case
the transmission from source node cannot reach the intended destination and hence, reasonable
performance gain is achieved. Such a canonical information flow facilitates the development of
new ideas on distributed communications using node cooperation.
Conceivably, one of the most pronounced contributions over the technological evolution
lately, has been the development of multiple antenna technologies enabled by MIMO. Generally,
MIMO technologies enhance the quality of the received signal, conjointly increasing the data
rate by using digital signal processing techniques. These data processing techniques may
include combining the received signals from multiple wireless paths as a result of the multiple
receive and transmit antennas.
Owing to the recent trends in wireless communication, cooperation is a new design criterion
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that exploits the broadcast nature of the wireless channel by achieving transmission using a
distributed configuration and achieve performance gains similar to MIMO systems. Effectively,
this new area tends to improve communication in terms of data rates, reduced battery con-
sumption and extended coverage area but presents additional challenges and hence, need to be
properly investigated.
1.3 Motivation
Based on the conclusion drawn in the previous section towards the need for a cooperative
communication network, this doctoral thesis is motivated by two factors:
• Firstly, with the advancement in technology there is a transition towards the use of smarter
mobile devices, resulting in increasing number of wireless mobile devices. Over half a
billion (563 million) mobile devices and connections were added in 2015 as illustrated in
Figure 1.3. Globally, connections based on mobile devices will increase by 11.6 billion in
2020 at a compound annual growth rate (CAGR) of 8%. It is forecasted that by 2020, there
will be 8.2 billion handheld or personal mobile devices in use. Taking into consideration
this trend, significant outcomes can be achieved by establishing cooperative protocols that
can result in improved Quality-of-Service (QoS).
With the global increase in the number of mobile users, it is highly probable to have
more than a single relay available during the communication process and often it is not
practical to have multiple antennas on mobile devices. Considering this idea and using the
concept of cooperative diversity, the contribution of this research is targeted at exploiting
the performance of a virtual transmit and receive antenna array model through optimal
multiple relay selection in a time varying environment.
• Secondly, severe performance degradation is experienced due to the ever-increasing de-
mand of higher data rates and the increasing number of wireless users. Researchers
are actively proposing solutions to tackle this problem and one such idea is focused on
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Figure 1.3: Global growth of mobile or handheld devices [8]
achieving better diversity using cooperative communication methods. However, due to
the complex nature of transmission in a time varying channel, less attention has been
paid to address the performance evaluation in terms of relay selection with more practical
channel estimations.
1.4 Research Problem
Allowing cooperation in wireless communication gives rise to design challenges related to
relay selection and channel estimation. Although both these design challenges have been
investigated independently and extensively in the last few years, there are still some questions
left unanswered that need to be addressed for the development of the cooperative networks,
• Sharing information such as Signal-to-Noise Ratio (SNR) in a timely and distributed
manner and at the same time making optimal selection of multiple relays in a time varying
environment has not yet been studied as most analysis of cooperative diversity systems
proposed in the literature focus either on pairs of cooperating terminals or consider coop-
eration to improve the performance of the existing direct transmission. Therefore, it is a
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timely concern to consider multiple relay selection in dual hop networks as a cooperative
design.
• Most of the relay selection schemes are proposed on the assumption of the availability
of instantaneous and perfect Channel State Information (CSI) which is impractical in
designing real time relay selection algorithms. So, designing a system model that is
robust to imperfect (or practical) channel estimates must be taken into consideration to
study the actual diversity gain.
• Multiple relays can help enhance performance in terms of error rate but in terms of
practical implementation this configuration requires tight synchronization between relays
and appropriate distributed space time codes that need to be further investigated to deal
with additional challenges.
The hypothesis of this research is that, an efficient relay selection based on practical channel
estimation can be an important factor in optimizing the performance of a cooperative commu-
nication model.
1.5 Aims and Significance
Cooperative communication provides one of the most dynamic approaches to cater to the lim-
itations of existing wireless networks and is expected to provide a pivotal role in the design
of future generations of wireless networks. Therefore, researchers are actively engaged in
providing designs that are reliable, efficient and adaptable at the same time.
Addressing the research problems highlighted in the previous section, the main aim of this
research is to provide theoretical analysis and extensive experimental evaluation to establish
cooperative communication as a strong candidate for future wireless networks. The thesis will
also provide analysis of optimal relay selection for cooperative communication and discusses
the gain achieved using optimal relay selection towards a cooperative design. The relationships
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established in the error performance of dual-hop network and several other key parameters (e.g.,
power allocation, relay positioning and channel estimation) could serve as important guidelines
for the network layer protocol developers.
In view of the design requirements of the future wireless networks, the thesis proposes a
pragmatic approach to incorporate the proposed cooperative scheme towards a testbed imple-
mentation for evaluation. In addition, the comprehensive analysis for optimal power alloca-
tion and coverage expansion with channel estimation is experimentally verified in the latter
parts of the thesis providing some useful insights on the performance gains achieved using
cooperative communication. Specifically, the analysis and results presented in the thesis are
applicable largely to dual-hop networks that are subjected to a direct link constraint (i.e., source
to destination direct link availability). In this regard, the detailed analysis provided in this
thesis on the use of cooperative communication protocols will serve as an important guideline
for wireless system designers. By incorporating the proposed solutions, the service quality of
the next generation wireless access network can be optimized, making the network capable of
accommodating more users and providing enhanced service.
1.6 Contributions
Cooperative communication plays a pivotal role in improving the performance of wireless
networks. To understand the dynamics of cooperative communication, we go through a compre-
hensive study towards its design. This is carried out by looking into two essential characteristics
of cooperation, optimal relay selection criteria and practical channel estimation to enhance
performance. Furthermore, recommendations are also made towards the design criteria of an ef-
ficient cooperative communication protocol. In this section, we present the major contributions
made to fill the knowledge gap. These contributions are discussed with great detail in Chapter
3, 4, 5 and can be highlighted as,
• Performance analysis of the proposed novel relay selection scheme.
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Understanding the design requirements of cooperative communication, we first gener-
alize the concept of relay selection and propose a novel relay selection scheme that
takes advantage of transmit diversity to obtain diversity gain. We carry out analysis
in terms of Diversity-Multiplexing Trade-off (DMT) and Bit-Error-Rate (BER) and the
proposed relay selection cooperative scheme outperforms the non-cooperative and coop-
erative schemes by a 5 dB margin.
• Performance analysis of the proposed relay selection scheme over a cooperative
dual-hop network.
Following our findings towards the performance achieved by the relay selection scheme,
we then extend the scheme for a dual-hop network with certain design considerations. We
expound on the notion of achieving optimal power allocation and optimal relay position-
ing that can further improve the performance of the proposed relay selection cooperative
scheme. This optimal Decode-to-Cooperate (DC) scheme provided 2 dB improvement
in terms of Symbol-Error-Rate (SER). Furthermore, we also analyse the performance of
the cooperative scheme with channel estimation and provide recommendations on the
performance of the cooperative scheme.
• Experimental evaluation of the cooperative protocol on a testbed implementation.
Finally, to corroborate the analytical findings, we implemented a testbed to evaluate the
performance of the cooperative scheme. This evaluation was carried out for power allo-
cation and coverage expansion in dual-hop networks. The cooperative testbed, Decode-
to-Cooperate (DCOOP) achieved lower BER as compared to direct transmission. It also
provided better coverage as compared to direct transmission.
1.7 Organization of the Thesis
The outline of the rest of the thesis is as follows,
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• Chapter 2 – A comprehensive survey on cooperative communication in wireless net-
works is carried out in this chapter. It provides a thorough literature review on the co-
operative communication model, explaining the need for cooperation and understanding
the embodiment of relay selection and channel estimation towards a cooperative com-
munication model. The core concepts of relay selection and wireless channel estimation
are discussed in light of a canonical cooperative architecture. Furthermore, the chapter
also provides relevant work on the utilisation of cooperative communication and different
cooperative protocols. Finally, we introduce fundamental performance benchmarks that
are used throughout the thesis.
• Chapter 3 – In this chapter the first contribution of this research is discussed. The goal
is to develop a novel and efficient multiple-relay selection scheme. A complete system
level model is given along with the relay selection algorithm. Performance evaluation is
carried out; firstly, by considering outage probability depending upon a set of relays that
have decoded the message from the source. Secondly, Diversity-Multiplexing Trade-off
(DMT) is considered to analyse the gain achieved by the proposed scheme. We perform
Monte-Carlo simulations to corroborate the analytical model.
• Chapter 4 – The use of cooperative communication as an enabling technique to enhance
the performance in a dual-hop network is investigated. A dual-hop network is considered
and the relay selection algorithm is extended to allow the source to transmit sequentially
and the selected relays cooperate to transmit the decoded transmission from source to
destination. Extensive statistical simulations are used to verify the mathematical analysis
by considering an upper bound on the error probability such that the worst expected
error performance in a dual-hop scenario is investigated. This chapter also analyses the
optimum power allocation between the source and the selected relays and recommen-
dations are made on the power allocation based on our research findings. Based on the
power allocation, we then present the optimal relay placement with the goal to study the
coverage expansion. Finally, we present a model for practical channel estimation for the
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relay selection scheme and study the performance based on channel estimation.
• Chapter 5 – This chapter provides a testbed implementation of the cooperative relays
selection scheme presented in Chapter 4. It provides recommendations for a practi-
cal protocol design and analysis, aimed at achieving optimized network performance.
The design of the testbed takes into consideration the limitation of coverage area in
IEEE 802.11a standard and therefore, presents a comprehensive analysis in terms of
implementation and answers how the proposed cooperative scheme is beneficial in terms
of coverage area expansion and error probability. Based on the measurement results,
we investigate whether the proposed cooperative scheme is in line with the theoretical
analysis, and whether the protocol can address key issues of relay cooperation effectively.
• Chapter 6 – This chapter provides a summary of the contributions (the research con-
ducted to date), future research work, and conclusions. The contributions made through-
out the thesis are highlighted and recommendations are made for the future research in
this area.
1.8 Summary
In this chapter, we provided the basic background of this thesis, the research problem, mo-
tivations and the key contributions. We have given the significance of the research and the
value of the relevant research contributions to the advancement in wireless communication
by incorporating cooperation. With the basic introduction to the research provided in this
chapter, the next chapter will provide a thorough review of the related research in cooperative
communication.
Chapter 2
Research Background
This chapter describes the cooperative communication system model and provides a compre-
hensive review of current literature on cooperative communication, focusing specifically on
the need for a cooperative communication model and the design related aspects in terms of
relay selection and channel estimation. The first part of this chapter establishes the need for
cooperation by presenting impairments and gains related to wireless communication (in Section
2.1), followed by highlighting diversity in Section 2.2. The second part then takes into account
the design of cooperative systems (Section 2.3) and discusses certain design aspects that are
of utmost importance in cooperative communication systems (Section 2.4). It also presents
a synthesis of the cooperative design and highlights the performance analysis in cooperative
design in Section 2.5. Lastly, background on cooperative communication in terms of relay
selection and channel estimation are presented in Section 2.6, followed by summary (in Section
2.7) of the research findings to conclude the chapter.
2.1 Wireless Channel
In this section, we present phenomena related to wireless communication and highlight related
impairments and gains.
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2.1.1 Wireless Propagation Phenomena
Wireless communication experiences multipath propagation which can result in improved per-
formance if exploited properly. This phenomenon occurs when the radio waves take multiple
paths between source and the intended destination. When signal is propagated on the radio
channel, it undergoes reflection, refraction, diffraction, scattering and is even absorbed, result-
ing in multiple radio waves (delayed and attenuated) received at the destination (See Figure 1.1).
Another phenomenon occurs when the incident wavefront returns into the medium from
which it originated. This particular phenomenon is termed as Reflection and results when a
propagating electromagnetic wave gets affected by an object that is large enough when com-
pared to the wavelength of the propagating wave [9]. Reflection is categorized into three basic
types; specular reflection from smooth surfaces, reflections from rough surfaces and physical
optic reflections [10]. Reflection can be caused by moving as well as stationary objects. Similar
to reflection, partial blocking of the electromagnetic wave front by a surface with irregular
edges results in Defraction [10]. Consequently, wave bending is observed around the obstacle,
even when a Line-of-Sight (LOS) path does not exist between source and the destination.
Propagation models use two approaches to represent diffraction, namely, Wedge diffraction
and Knife-edge diffraction [10].
Finally, irregular dispersion or Scattering occurs when the wavelength of the propagating
electromagnetic wave is larger than the dimensions of the objects which obstruct the radio
channel. When a radio wave is affected by a rough surface, the amount of energy reflected is
deviated and diffused in all directions due to scattering. Foliage, rain, the sign boards mounted
on streets and reflectors which are lit up on highways at night are some examples of scatterers
in wireless communications.
These affects occur in different patterns based on the channel conditions and the objects
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that obstruct the signal on its way to the destination. Therefore, there are certain gains and
impairments related to these wireless phenomena.
2.1.2 Wireless Channel Impairments
In order to understand wireless communication, one should understand the underlying wireless
channel and the related degrading phenomenon. Strictly considering the signal transmission
over a wireless channel, we come across three major impairing characteristics;
Averaging the received power at the receiver, located at some distance from the transmitter,
yields Pathloss or loss in power over that distance [11]. Essentially, the nature of this effect
is deterministic (mostly operating linearly in decibels) and does well to limit interference but
tends to rapidly curtail signal power. Moreover, Shadowing entails detrimental performance in
modern communications systems by causing link outages. Now, considering the received power
over the same distance, this results in a fluctuating received power as compared to Pathloss and
is referred to as shadowing [11]. Hence, shadowing can be characterized as being random in
nature and is traditionally modelled as Gaussian in decibels (i.e., lognormal in linear scale).
Lastly, fading is the attenuation which affects a signal over a certain wireless channel. It can
vary with time, frequency and geographical position. Allowing the signal to waver around
the averaged Pathloss and shadowing, reveals the true nature of the wireless channel as fading
[12]. This is essentially the constructive and destructive addition of the signal observed due to
multipath propagation. Owing to the instantaneous nature of this effect, it relies on the mobility.
It can be broadly classified as fast-fading (where the nodes communicate with each other in a
high mobility environment) and slow-fading (where the nodes communicate under negligible
mobility). Depending on the extent of mobility, current wireless communications systems
can either be fast or slow fading. When subjected to multipath propagation, the signal copies
(symbols or bits) are combined to detect the signal in a frequency-selective fading channel if the
mutual propagation delay is larger than the symbol duration. However, if the propagation delay
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is less that symbol duration then the signal is detected under a frequency-flat or simply flat-
fading channel. Depending on the coherence bandwidth, multipath fading channels can also
be categorized into flat fading channels and frequency-selective fading channels. Coherence
bandwidth is the reciprocal of the delay spread which is defined as the span of the delayed and
duplicated transmitted signal reaching the destination via different paths [13], thus it is a means
of quantifying the separation in frequency over which different transmissions might experience
uncorrelated fading. For a flat fading channel, transmitted signal bandwidth is smaller than
the coherence bandwidth and vice versa for a frequency-selective channel. Multipath fading is
modelled using one of several popular probability distribution functions [14–16] to represent
the variations of the envelope voltage. The amplitude of the envelope distorted by the multipath
components and a LOS component could be using a probability density function (pdf). We will
discuss the most fundamental fading processes,
Rician Fading
Rician distribution is assumed when a non-fading signal component is present, such as LOS
path propagation [12]. Therefore, wireless channels with less scatterers and flat terrains can
exhibit Rician fading characteristics. This model is composed of direct path and scattered
wave and the pdf of the signal characterized by Rician distribution is given by [12],
fh(h|lσ) = h
σ2
exp
(−(h2 + l2)
2σ2
)
I0
(
hl
σ
)
, h ≥ 0, l ≥ 0 (2.1)
where, h is the amplitude of the fading channel, l is the LOS path and σ2 is the variance of
the fading channel. I0() is the Bessel function of zeroth order of the first kind [17].
Rayleigh Fading
Rayleigh distribution is assumed when adequately large number of multipath components
(with equal power and different phases) are present at the receiver. Furthermore, it is com-
monly used to describe the multipath fading with no direct LOS path. In such a case, the pdf
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of the Rician distribution approaches the Rayleigh distribution and is given as [12],
fh(hσ) =
h
σ2
exp
(−h2
2σ2
)
, h ≥ 0 (2.2)
Nakagami Fading
Nakagami distribution is found to be more flexible and mathematically tractable than the
Rician distribution due to the absence of a modified Bessel function. Unlike Rayleigh and
Rician distributions, which are derived from real physical quantities such as Gaussian noise,
the Nakagami distribution is a mathematical construct with no physical foundation [10].
If we denote the previously discussed impairments by algebraic notation asX (for Pathloss),
Y (for shadowing), and Z (for fading), the signal power at the receiver can be given in decibels
(dB) as,
Pr = Pt +X + Y + Z (2.3)
In decibels, these limiting factors add up, whereas in a linear scale they are multiplicative.
In relation to these impairments, cooperative communication tries to exploit the multipath
propagation effect rather than mitigating its effect and hence, uses it to advantage.
2.1.3 Wireless Channel Gains
Taking advantage of the detrimental effects of the wireless channel, we now present some gains
associated with the wireless channel,
Pathloss Gain
Considering individual paths under multipath propagation, yields transmit power gains be-
cause Pathloss of the individual path is less as compared to the Pathloss aggregate in multipath
propagation. The transmit power gain can enhance the Signal-to-Noise Ratio (SNR), which
in turn is inversely proportional to the propagation distance. The relation between SNR and
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propagation distance can be given as,
SNR ≈ 1/dα (2.4)
Where, d is given by the distance between transmitter and receiver, and α is a Pathloss coef-
ficient [11]. The Pathloss coefficient varies with different propagation environments between
2 and 6 (depending upon node density). Now, considering cooperative communication by
placing a cooperative node equi-distance from the source and destination and allocating half
of the total available power between source and the cooperating node (as in Figure 2.1), we
can give the received power at the destination for both the direct case and the cooperative
case,
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Figure 2.1: Direct vs. Cooperative Design
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respectively, where K depicts the gain at destination, K1 is the gain value at the relay, PS
is the transmit power at the source and PD is the received power at the destination. We can
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obtain an expression for the Pathloss gain by using (2.5) and (2.6) as,
P 2D
P 1D
= 2α−1
{(
2
d
)α
K1 + 1
}
(2.7)
and considering Pathloss coefficient α = 2, yields a 3dB improvement as compared to direct
communication. This improvement or achieved gain is one of the main motivating factors in
employing cooperative techniques.
Diversity Gain
Obtaining additional copies of the signal via shadowing and fading channels yields diversity
gain. Diversity gain thus relies on these additional copies that are combined at the destination
to achieve lower probability of outage. The availability of multiple copies of the signal can
be realized, for example, receiving one copy from the cooperating node and another via the
direct source link; or by having several cooperating nodes providing a signal copy each in
parallel. Diversity gain improve the performance of wireless communication in terms of
probability of outage Pout. This probability in turn, depends on the rate R and is linked to
diversity gain at asymptotically high SNR regime,
Pout(R) = const(R)/SNRd (2.8)
where d is the diversity gain and const(R) is some constant depending on R. It effectively
equals to the total number of copies of the received signal; for instance, having a single
cooperating node relay and a direct source link is essentially receiving two copies, and hence
d = 2.
Multiplexing Gain
For a particular SNR, the data rate R achieved is proportional to the logarithm of SNR value
by,
R = r log SNR + const (2.9)
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Here, r is the multiplexing gain and is dependent on the degrees of freedom of the wireless
channel (i.e., multipath). In a wireless system with nt transmit and nr receive antennas, the
maximum number of independent paths under favorable propagation conditions is given as
r = min(nt, nr). Using a cooperating node (referred to as relays) in addition to the already
available direct link, allows a second channel to be deployed, thus doubling the multiplexing
gain and the communication rate, assuming the SNR is kept constant.
Looking into the mathematical expressions, one can observe that the gains defined above are
dependent and therefore can be reciprocated with each other. The power gain and diversity
gain can both effectively contribute towards an increased data rate R, ensuring a constant
multiplexing gain r. This is achieved by increasing the cardinality of the signal constellation (in
modulator/demodulator design). For instance, achieving a gain of 3dB in the example above, it
reassures the network designer to switch to a higher order modulation scheme to achieve even
higher data rate R. This is a fundamental trade-off, also known as the Diversity-Multiplexing
Trade-off (DMT). For a given outage probability and asymptotically higher SNR, it can be
quantified as [18],
d = − lim
SNR→∞
(
logPout
(r log SNR)
log SNR
)
(2.10)
The relationship between diversity gain and multiplexing gain can be further elaborated as,
increasing the multiplexing gain r requires the diversity gain d to be decreased in similar order.
This can be further explained from a communication system viewpoint as having a maximum
diversity gain dmax at minimum multiplexing gain rmin, and conversely a maximum multiplexing
gain rmax at minimum diversity gain dmin. The above gains and trade-offs thus rationalize the
cooperative architectures into different canonical forms based on the trade-in requirements.
2.2 Diversity in Wireless Channels
Considering the diversity gain discussed in the preceding section, we now succinctly present di-
versity in the wireless channel. Fading in wireless channels changes over time and a debilitating
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fade over a single source and destination channel might lead to increasing error rates. Therefore,
addressing this would require the introduction of techniques to lower the error rates by allowing
sophisticated error correction capability, reduction of transmission rate, or using more precise
detectors. However, these and other mitigation techniques may sometimes not be a practical
solution. Thus, taking into account wireless channel fading and multipath propagation effects,
one can increase the link reliability by considering more than one path between source and
destination, each exhibiting an independent fade from the other as much as possible. Adopting
this methodology, the probability of receiving a distorted signal is minimized or, in other words,
providing independent multiple copies of the signal will eventually reduce the error rates. Such
techniques are broadly termed as diversity techniques and can be further classified based on
time, frequency and space. In time diversity, multiple copies of a signal are sent at different time
instances, and in frequency diversity, multiple copies of the signal are sent through channels of
different carrier frequency [19, 20]. Moreover, spatial or antenna diversity employs multiple
antennas at the transmitter and/or the receiver as illustrated in Figure 2.2, diversity is achieved
in the spatial domain which is called spatial diversity (or antenna diversity).
This arrangement of deploying more than a single antenna at the transmitter is referred to
as MISO systems, and SIMO if more than one antenna is deployed at the receiver (illustrated
in Figure 2.3). Using such an arrangement, different channels are established between transmit
and receive antenna pairs and the receiver is able to recover the signal with a higher probability.
Assuming that the added channels are independent or highly un-correlated, then the probability
of link failure goes down as well. Using more number of antenna increases redundancy (diver-
sity) of the received signals, i.e., the reliability of the receiver detection is augmented.
Increasing the number of antennas at the receiver also increases the complexity in recovering
the signal at the receiver. It is therefore important that the signals arriving through multiple paths
are constructively combined at the receiver. The objective is to combine the multiple signals
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Figure 2.2: MIMO System with multiple transmit and receive antennas
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Figure 2.3: System configuration with multiple/single transmit and multiple/single receive
antennas
such that the resultant signal is of better quality or with minimal errors as compared to each
individual signal. This is known as receiver diversity and considers signal combining based
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on certain design goals often depending on SNR. If all the signal copies are treated equally
during the combining process, a strategy called Equal Gain Combining (EGC) is used. Multiple
signals are combined based on weights in Maximal Ratio Combining (MRC) and Selection
Combining (SC) is used to select the strongest signal copy. On the other hand, note that in
a MISO system, the signal received is a combination of signals from all transmit antennas
after going through independent fades. This redundancy is known as transmit diversity, which
depends on the number of transmit antennas. Transmit diversity is usually adopted to enhance
transmission reliability by receiving redundant copies of the signal at the receiver. Such scheme
usually offer diversity gain at the expense of coding gain but a special technique that offers
diversity gain and also achieves full rate is by employing Space-Time Block Coded (STBC)
diversity [6].
2.3 Cooperative Communication
Furthering our discussion on the impairments and gains related to wireless channels, we now
present design requirements and network dynamics for a cooperative communication model.
Functional breakdown of different approaches considered in cooperative systems are,
Transparent and/or Regenerative Relaying
Cooperative systems usually employ a design that involves either transparent or regenerative
relaying. Transparent relaying generally amplifies the signal prior to retransmission. On
the other hand, regenerative relaying requires the relay to process the signal in a digital
domain and then retransmit it. A detailed illustration of protocols adopted for transparent
and regenerative relaying are explained in the upcoming discussion.
Dual-Hop and/or Multi-Hop Networks
Another important metric is choosing the number of relaying stages. Apparently, relays
can operate in series or parallel but as system designers, the choice of including multiple
relay stages at the cost of increased complexity and certain other parameters is very crucial.
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Increasing the number of hops (in series) essentially takes advantage of the Pathloss gain.
Whereas, increasing the number of relays (in parallel) increases the maximum diversity order.
Owing to the increased complexity by adopting any of the design alludes towards the usage of
interference mitigation techniques or making the relay transmissions orthogonal or separated
temporally.
Direct source to destination link
Wireless communication sometimes suffers from the absence of direct source to destination
link and hence, the transmission may rely on the retransmitted signal from the relay(s). Direct
source to destination link availability is subjected to a capacity limited wireless system,
whereas it is unavailable for coverage limited systems.
The design choice is dependent on the wireless communication channel and the type of ap-
plication. Combination of such designs towards a more robust cooperative system to meet the
practical needs of the modern wireless communication systems is quite challenging and remains
an open research area to date.
2.3.1 Advantages and Disadvantages of Cooperation
Albeit highlighted to some extent in the preceding discussion, we will now list down some
advantages and disadvantages of using cooperative architectures.
Amongst the advantages of using cooperative designs is the inherent performance gain.
Optimal planning and resource management can lead to system-wide performance gains. These
gains can be translated as higher capacity, decreased transmission powers, or better cell cov-
erage and this ultimately lead towards higher Quality-of-Service (QoS). Moreover, the use of
cooperative designs is essentially taking advantage of the existing infrastructure with mini-
mal changes to gain improvement in performance. Cooperative communication using such
2.3. COOPERATIVE COMMUNICATION 25
Infrastructure-less Low Cost Designs (ILCD) can be effective in a limited coverage disaster-
struck area. Similarly, it has been reported that existing cellular systems can coalesce with
cooperating relay nodes towards lower deployment and maintenance costs [21].
On the other hand, using cooperative designs can have some contingencies as well. To
determine the optimum relay for the cooperative design involves certain parameters related
to the dynamic wireless channel and therefore adds complexity to the design process. This
complexity is usually higher as compared to systems without cooperative design. Moreover,
increasing the number of relay(s) for the cooperative process might increase the complexity,
overhead and interference and as a result dissipate the achieved physical layer performance
gain if appropriate measures are not taken at higher layers e.g., MAC layer, Network layer. This
entails the need for more complex and practical schedulers. Furthermore, as the transmission
process is dependent on the added cooperative relay nodes, a tight synchronization mechanism
is to be considered to facilitate cooperation. Hence, the use of signal synchronization techniques
and related hardware is utilized to achieve synchronization. Finally, with the increasing number
of relay(s) and associated wireless channels, the need for accurate and precise distribution of
channel estimates is a research area, anticipating major contributions from researchers and
hence, serve as motivation to develop cooperative designs with a view of seamless transition
from the existing non-cooperative designs.
Although, the disadvantages outnumber the advantages in adopting cooperative designs,
nevertheless, careful system design and planning is needed to ensure maximum gain by using
cooperative relaying systems and as a result experience minimum deterioration in the system
performance.
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2.3.2 Cooperative Performance Bounds
Considering the advantages and disadvantages of cooperative designs, in this sub-section, we
will discuss briefly the achievable performance bounds for cooperative systems. These per-
formance measures therefore, impact the underlined design in terms of hardware as well as
associated protocol based on the Open Systems Interconnection (OSI) model. Introducing
these performance bounds without going into much detail, in this sub-section, we will highlight
variations in wireless channel (ergodic and non-ergodic channels) and their effect in terms of
achievable rate gain, outage probability and the DMT in context of cooperative systems.
Capacity Gain in Ergodic Channel
Ergodic channels usually typify a process involving averaging the Shannon’s capacity over time.
In terms of channel variations, ergodic channels allow the transmission to traverse all fading
states. Thus, by allowing the concept of averages, ergodicity achieves identical and at the same
time average mutual information over infinitely long codewords [11]. As a result, an ergodic
channel can support reliability and attain maximum transmission rate,
C = Eh
{
log
(
1 + h
S
N
)}
(2.11)
where h is the instantaneous channel/power gain over an expectation operator Eh. Considering
the example of a flat Rayleigh fading with a PDF,
ph(h) =
1
h¯
× exp−hh¯ (2.12)
and the average capacity can be given as [22],
C = Ehlog(1 + h
S
N
) =
∫ ∞
0
log(1 + h
S
N
)× 1
h¯
exp
−h
h¯ dh (2.13)
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where, h¯ is the average normalized fading, γ = hS/N is the instantaneous SNR and γ¯ = h¯S/N
is the average SNR.
Rate Outage Gain in Non-Ergodic Channel
Shannon’s channel capacity theory does not quantify capacity for transmission scenarios where
the channel conditions vary over transmission. In this context, a non-ergodic channel can be
realized having to maintain almost constant fading over the transmission duration. Videlicet, a
process is non-ergodic if signal is detected properly in relation to the time gap between signal
samples. In practice this phenomenon is observed over a slow fading channel. Consequently,
a non-ergodic channel may not bring about the maximum transmission rate R, but achieves
a given rate R with a certain outage probability rate Pout(R). This outage probability can be
computed over an instantaneous power γ = hS/N towards an acceptable information rate of
C(γ) = log(1 + γ) bits/s/Hz. Furthermore, the channel is in outage if this information rate
falls below an acceptable information rate R; hence, the outage event can be quantified as
γ < R or γ < (2R − 1). The outage probability is,
Pout = Pr(γ < (2
R − 1)) =
∫ 2R−1
0
pγ(γ)dγ (2.14)
where Pr denotes probability and PDF of SNR is given by pγ(γ). For a Rayleigh fading channel
with mean power γ¯ the outage probability is,
Pout = 1− exp(−(2
R − 1)
γ¯
) (2.15)
From Equation 2.15, it can be readily observed that that the outage probability reduces with
increasing SNR.
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Diversity-Multiplexing Trade-off (DMT)
As previously discussed, diversity gain is achieved by taking into consideration a diversity
scheme. Wireless links experience random fluctuations of the signal level in time, space and
frequency, resulting in a major impact on signal quality [12]. Diversity ensures that the destina-
tion receives multiple copies of the transmission from the source. Owing to the variable channel
conditions, if individual copy is affected by independent fading, then the probability of fading
decreases when the copies are combined at the receiver. Hence, diversity improves the quality of
a wireless system [23]. Since fading is obvious in space, time and frequency domains, diversity
techniques must be considered for these domains. On the other hand, spatial Multiplexing
gain or Multiplexing gain is achieved by transmitting multiple independent signals in parallel
through spatial channels to increase the effective data rate. This results in capacity gain at no
additional power or bandwidth. Both type of gains are important for the design consideration
to improve the performance of a cooperative communication model, but both cannot be si-
multaneously obtained and there is fundamental tradeoff between how much gain is promising
enough for a given model. The DMT has been considered as a benchmark performance metric
after its initial quantification [18]. As discussed, it provides a fundamental trade-off between
diversity gain and multiplexing rate or in other words, how quickly the probability of outage
decreases subjected to increase in communication rate and SNR. In terms of applicability, DMT
can be used as a performance indicator to a wide range of communication systems operating
under variable channel conditions. Considering the DMT expression in (2.10), the diversity
gain relationship can be reformulated as [18],
d = − lim
SNR→∞
(
logPout(R, SNR)
log SNR
)
(2.16)
where, Pout(R, SNR) is the expression for outage probability computed using the Shannons
capacity expression for a given average SNR, rate R, and d is the diversity gain.
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Multiplexing gain for similar asymptotic large value of SNR can be given as [18],
r = lim
SNR→∞
(
R(SNR)
log SNR
)
(2.17)
2.4 Cooperative Communication Design Aspects
We will now exemplify upon certain characteristics related to cooperative systems such as the
type of relaying nodes based on the inherent transmission strategy/protocol followed and also
present canonical information flow using relaying and related design metrics. Initially, the
taxonomy of the relaying node is illustrated in Figure 2.4.
2.4.1 Relay Family/Type
There are quite a number of different relaying methods that can be found in literature. Coop-
erating relay nodes are broadly categorized into two main families or classes i.e., transparent
relaying and regenerative relaying based on what type of signal processing takes place at the
relay nodes.
• Transparent Relaying – The relay nodes in this family usually do not modify the infor-
mation in a received signal waveform and are designed to perform simple operations on
the analog signal such as amplification or phase rotation. Since there is no processing
in the digital domain, the analog signal is instantaneously retransmitted by applying
amplification and frequency translation. Some of the most common strategies/protocols
identified as transparent relaying are:
– Amplify and Forward (AF) – This is the most commonly used strategy and oper-
ates such as to amplify the signal received by the relay before retransmission. Using
this strategy, one can vary the amplification factor to detect the signal properly at
the destination [24].
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Figure 2.4: Relaying Taxonomy
– Linear-Process and Forward (LF) – This strategy involves linear phase shifting
after the analog signal is amplified. This strategy can be used for distributed beam
forming owing to the linear phase shifting phenomena [25].
– Nonlinear-Process and Forward (nLF) – This strategy is also referred to as non-
linear AF [26] and involves nonlinear operations on the received analog signal.
This is usually helpful to minimize the end-to-end error rate that results due to
amplification of the noise factor.
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– Filter and Forward (FF) – This particular relaying strategy is designed for orthog-
onal frequency-division multiplexing (OFDM) transmission. To reduce processing
complexity inherent to OFDM design, the FF strategy directly filters the analog
signal with a Finite Impulse Response (FIR) and forwards the filtered signal to the
destination [27].
Some important design metrics related to the transparent relaying protocols is the choice
of amplification factor, and output power. In case of fixed gain amplification, the node
maintains a constant amplification factor over a given time period to a value depending
on channel measures. As an example, the amplification factor is mostly an inversely
depending on the average channel gain between source and relay. Under non-ideal chan-
nel conditions, the amplification factor is usually high and this in turn results in higher
output power allocations. As the retransmission is bounded by the maximum output
power, this can cause clipping effects and hence, mitigation techniques are required if
the amplification factor is fixed. Alternatively, in the case of variable gain amplification,
the amplification factor varies over the instantaneous channel gain values and is basically
inversely proportional to the channel gain values between source and relay. Although
transparent relaying aim towards maintaining a constant output power that is usually a
hardware related feature, but the amplification criteria induces suboptimality in terms of
maintaining constant power.
• Regenerative Relaying – The relay nodes in this family modify the information in a
received signal waveform and are designed to perform complex operations and hence,
require more powerful hardware. For this very reason, regenerative relays usually out-
perform transparent ones. Some of the most common strategies/protocols of regenerative
relaying are:
Decode and Forward (DF) – As opposed to the transparent AF strategy, DF decodes
the signal and then re-encodes it prior to retransmission. Over a wide range of appli-
cation scenarios, DF is reported to outperform other strategies in terms of outage and
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error probability [5]. In this thesis, a large amount of attention will be dedicated to DF
strategy and therefore, will be extensively discussed in Chapter 3, 4, and 5.
Estimate and Forward (EF) – Making use of this strategy, the relays amplify the
signal and down-converts it to baseband, followed by a signal detection algorithm
to recover the signal for a particular modulation order. This estimated signal is then
retransmitted using a similar or different modulation order [28].
Compress and Forward (CF) – This regenerative strategy is somehow related to the
EF strategy by allowing a compressed version of the detected signal to be encoded
again for retransmission. This requires additional source coding on the signal samples
prior to transmission and has been reported to perform optimally if the relay node is
closer to the destination or enjoys a better relay to destination channel conditions [29].
Regenerative relaying strategies are also relying upon certain design metrics for optimal
performance and these metrics are listed below:
Channel Code – Using channel code in a cooperative design is essentially trading
between coding gain and power allocation. Encoding/decoding complexity can be
handled using more powerful hardware and in case of no coding gain the worst per-
formance is expected using the least complex solution. However, a variety of block
codes are available to choose from if coding gain is intended and as a result achieve
lower error rates (e.g., three errors per 255 bits using block coding or a single error per
10 bits using trellis codes).
Receiver Structure – Receiver design is of utmost importance in the case of regen-
erative relaying and for this reason there is a plethora of research towards the optimal
detector design. Some of the most commonly used techniques include threshold de-
tectors, interference cancellation receivers, Zero Forcing (ZF) receivers and Minimum
Mean Square Error (MMSE) receivers.
Modulation/Demodulation – Another important design metric contributing towards
the complexity in regenerative relaying is the choice of modulation. This choice of
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modulation is dependent upon the modulation order (for different data rate), mod-
ulation technique (coherent or differential) and lastly, bandwidth allocation per user
(single-carrier or multi-carrier).
SpaceTime Processing – In case the cooperating relay nodes are equipped with mul-
tiple antennas and/or they are realized as a virtual MIMO antenna system, a number
of available spacetime processing techniques are available to further investigate such a
dynamic network configuration. These spacetime codes can be beneficial to extract the
full potential of the MIMO channel. This will be discussed in great detail in this thesis
as it is one of the crucial factors to enhance the performance of wireless communication
using cooperative designs.
Power Control – Finally, regenerative relaying use adaptive amplification factors to
regulate power control and as a result, facilitate interference mitigation. Obviously,
larger transmit powers lead to greater coverage range but it also creates more interfer-
ence amongst neighboring nodes.
The examples provided for each family are the most prominent ones and variations to these have
spurred based on different application scenarios and design requirements. Future networks are
likely to be composed of nodes exhibiting a more hybrid behavior. It can be generalized that
increasing the extent of cooperation will improve the performance but at the cost of increase
complexity. This can be deemed as an opportunity for network designers as regenerative re-
laying generally outperforms transparent relaying; however, the task of optimizing regenerative
relaying will not be straight forward design challenge.
Now that the relaying characteristics are established, it would be worthwhile to investigate as
to how information flows through the cooperative system. For this, we will expound on different
information flows that result from adopting cooperative relaying systems. Additionally, we will
present important design metrics that contribute towards the performance of such networks.
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2.4.2 Canonical Information Flows
In wireless communication systems, the information can reach the destination usually through
a direct link. However, considering cooperative designs, we can construct three different con-
figurations for wireless transmission. These configurations are exemplified in Figure 2.5 as,
. . . .
. . . .
Source
Source
Source
Destination
Destination
Destination
(a) Direct Link
(b) Serial Relaying
(c) Parallel Relaying
Figure 2.5: Canonical information flows using (a) Direct communication, (b) Serial and (c)
Parallel relaying.
• Direct Link – This is basic wireless transmission without any cooperative relay nodes and
allows the source to directly communicate with the destination and is shown in Figure 2.5(a).
• Serial Relaying – Serial relaying allows transmission between the source and destination
over a chain of relays (that may use orthogonal channels to relay the information) as shown
in Figure 2.5(b). It is worthwhile mentioning that, for this and subsequent case a direct source
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to destination link may or may not be available.
• Parallel Relaying – As highlighted in Figure 2.5(c), parallel relaying facilitates transmission
between the source and destination by including a set of relays in parallel.
Such network configuration can either be infrastructure based or infrastructure-less. In any
case they can be managed by a central node (centralized system) or without any central node
(decentralized systems).
2.4.3 Important Design Parameters
Some of the most important design parameters that can contribute towards the performance of
cooperative relaying systems are,
• Power Allocation – Signal fading or Pathloss can be controlled by transmit power as distance
between source and destination in wireless networks is usually dynamic. It is therefore,
important to idealize a power constraint for the information flow. As an example, for a
power constrained transmission, the addition of cooperating relay node will share the given
power between source and relay equally for a better reception. Another approach could be
to strategically allocate more power to relay node as compared to source node, in case the
distance between relay and destination is large or the relay to destination channel is noisy.
• Interference – The system design need to follow a minimum standard by taking into con-
sideration interference mitigation techniques to cancel the effect of interference as a result of
the information flows generated by source and relay nodes.
• Feedback – Performance of cooperative systems will be greatly impacted if the receiver is
capable of reporting back to its transmitter using a feedback channel. Information that is fed
back to the transmitter can be as precise as a complete channel state information (CSI) or even
a partial CSI (over averaged channel realizations). It is quite well known that performance
of a given system improves with the provision of a feedback mechanism and in practice,
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most communication systems are designed to have a feedback channel, even if it is used for
ACKnowledgement (ACK) or Negative ACKnowledgement (NACK) purpose.
• Synchronization – Although the notion of synchronization is applicable from PHY layer
to the Network layer. At hardware level, nodes of a cooperative design are configured
such that they achieve some kind of synchronization based on the carrier frequency. At
medium access and network level, appropriate synchronization protocols can achieve node
level synchronization and as a result improve performance.
This non exhaustive list highlights relationship between link level and system level issues in
cooperative systems. Nonetheless, we now consider a breakdown of the cooperative system to
study the performance.
2.5 Synthesis and Performance Analysis of Cooperative Systems
In this section, we will look into the performance metrics of cooperative systems and summarize
parameters analysing the cooperative systems. This is illustrated in Figure 2.6,
2.5.1 Cooperative System Synthesis
• PHY layer Parameters – Relevant parameters that are implicitly related to the PHY layer are
the signal constellation or modulation order, the allocated transmission power, the channel
codes and/or spacetime codes and the related generator matrix.
• MAC layer Parameters – Key design parameters at the MAC layer are the related to channel
access, for example, access duration per node or the distribution of time slots amongst nodes
for transmission, the load distribution, node density, and frame/packet duration for collision
avoidance in contention based protocols.
• Network layer Parameters – Working in conjunction with the lower layers, choice of the
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Figure 2.6: Synthesis and Performance Analysis of Cooperative Relaying Systems
cooperating relaying nodes and their placement will provide meaningful performance im-
provements at Network layer. Meaningful performance can also be achieved by considering
optimal choice of routing protocols and associated parameters.
2.5.2 Performance Analysis
Based on the synthesis described above, we now present some useful insights related to the
performance evaluation of cooperative relaying systems.
Error Rates – A quantity that is most often presented in terms of Bit-Error-Rate (BER),
Symbol-Error-Rate (SER) or Packet-Error-Rate (PER) is quantified over some channel con-
ditions and noise power. Error rate is a measure to evaluate erroneous transmission that occurs
over a particular interval of time. Errors during transmission occur due to noise, interference,
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distortion synchronization errors. Error rates are often a unit-less performance measure,
expressed as a percentage. It is important to realize the dependency of these error rates
on channel condition and decisions on error rate criteria be made on the available channel
conditions. Moreover, SERs are usually calculated as closed form [30], however, owing to the
system complexity exact SER expression requires extra computation complexity (based on
the modulation order adopted at PHY layer). Therefore, in such cases, asymptotic bounded
expressions are made to use for SER calculations, which is an important performance indica-
tor driving the design of modern communication systems.
Outage Probability – Depending on the channel fading and shadowing, a probabilistic
quantity is used to measure the outage value under which the channel is deemed suitable or
unsuitable for transmission. The outage probability is therefore, traversed over the duration of
the transmission and quantify that certain performance is not met. Usually, outage probability
is calculated for channel realizations, but can also be computed over error rates such as bit,
symbol and packet errors. The notion of outage probability can be understood with the help
of an example, considering a slow fading channel having multiple receive antennas resulting
into multiple independent faded signal arriving at each receiver antenna. The information
exchange between each transmit receive antenna pair is different and can be used to establish
the outage of any given communication system.
Diversity Multiplexing Trade-off – This fundamental trade-off has been discussed in the
previous section as a performance indicator for wireless communication systems. It also
holds significant importance as a performance assessment criterion for cooperative communi-
cation systems. Once the rate gain and diversity gain are measured, the DMT can be evaluated
to offer a comparison of the achieved gains by any particular cooperative design as compared
to different wireless designs. This comparison can be used by system designers to improve
the performance of the underlined cooperative system to achieve optimal gain values.
Channel Estimation Errors – Another performance evaluation parameter for cooperative
designs is the channel estimation error. Once the feedback channel is established, a coherent
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receiver with a Decision-Feedback Equalizer (DFE) can be used to evaluate the penalty
imposed due to imperfect estimation and to optimize the design of the receiver such that
the system performs only under irreducible error rates [31].
Considering the real world impairments and understanding the impact of these phenomena on
the performance of cooperative relaying systems, mostly research is focused on mitigation
design but not limited to the above performance indicators. We will now focus our attention
on relay selection towards the design of a cooperative model and also consider the impact of
channel estimation in a cooperative communication system.
2.6 Background on Cooperative Communication
The remaining of this chapter will provide a detailed review into the literature related to cooper-
ative communications. In this section, we will first present early contributions towards the road
leading to the modern cooperative communication systems. We will then expound on two key
areas to address the research questions mentioned in the previous Chapter.
2.6.1 Early Designs
1968 1979 1996
Meulen Cover and Gamal 3GPP ODMA
1998          2000  2002
Sendonaris     Laneman      Hunter, Stefanov
1998          2000 2002    2003
Alamouti        Dohler Laneman  Stefanov
1996 1998
FoschiniTarokh
Transparent 
Relaying
Regenerative  
Relaying
Space-Time 
Design
MIMO
Design
Figure 2.7: Publication timeline of early contribution in relaying networks
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Relaying was initially introduced in 1971 by van der Meulen [4] and an extensive in-
formation theoretical analysis of the relay channel was presented by Cover and Gamal [5].
This analysis presented the maximum achievable rate for different communication scenarios.
During this early progress in relay based communication, only capacity was shown to exceed
as compared to a direct source destination link. Although this seminal work provided the base
for cooperative communication but, it is crucial to mention that the analysis was performed
over Gaussian communication channels without considering any fading or power gains. Later,
Sendonaris, Erkip and Aazhang in 1998 [32], provided a simple uplink cooperative scheme
towards the performance of uplink capacity and outage probability. The proposed protocol
allows an adjacent Mobile Station (MS) to relay transmission to the Base Station (BS) and
hence, diversity is achieved at BS by receiving signal from spatially collocated but uncorre-
lated MSs. After this, the proposed cooperative protocol was extended to more sophisticated
schemes [7, 33]. It is important to highlight here that the work in [32] originally did not
considered distributed spacetime coding. However, during this same era, multiple antenna
wireless systems also received quite some attention and capacity of multiple antenna system
was analysed by Telatar [34] and Foschini [35, 36]. Interestingly, designs of efficient space-time
transceivers were proposed by Alamouti [6] and Tarokh [37, 38]. Alamouti’s transmit diversity
scheme [6] encoding two complex signal streams orthogonally from two transmit antennas
was a remarkable stepping stone towards the modern era multiple antenna transmission [11].
This transmit diversity design was further enhanced by providing performance improvements
in terms of diversity and coding gain [37, 38]. Detailed analysis of the concept in [32] was then
carried out by Laneman in his PhD thesis [39], where temporal diversity was considered for
distributed SISO channels and as a result power efficiency was achieved. By far, these landmark
contributions are considered as the major stepping stone towards the design of cooperative
communication systems and this is illustrated in Figure 2.7.
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2.6.2 Need for Cooperative Relaying
The concept of cooperative communication is a response to the wireless channel saturation and
residual energy requirements of mobile nodes; hence, promises gains in terms of robustness
and energy efficiency in wireless networks. A detailed survey highlighted the technical insights
of the cooperative relay networking paradigm: relay selection protocols, cooperative channel
and physical layer aspects such as cooperative modulation [40]. In recent past, cooperative
communication has received alot of attention and has been a very active research area, where
major emphasis has been laid upon the physical layer aspects of cooperative communication
model [24, 41]. Moving towards the higher order layers or in general, considering the entire
network, the fact that many nodes can cooperate to transmit data, gives rise to the following two
questions [42],
• What is the impact of node cooperation on network performance?
• How do we determine the partners with which each node should cooperate such that
network performance can be optimized?
Substantial amount of focus has been laid on the arguments highlighted above, especially
dedicated towards ad hoc wireless networks, and consequently spawned the concept of coopera-
tive relaying. Relay selection schemes can be broadly categorized as centralized or distributed.
A system involving a centrally controlling node responsible for relay selection, by selecting
one or more relays for each source destination pair e.g., cellular networks. On the contrary,
distributed protocols are used in ad hoc networks which lack the central controlling entity and
each node is self-capable of deciding to cooperate. In ad hoc networks, the number of selected
relays is another important factor contributing towards the overall performance of the underlined
systems. Further breakdown of the distributed selection schemes based on the number of relays
are Single Relay Selection (SRS) schemes and Multiple Relay Selection (MRS) schemes [43],
where it is established [44] that there is no significant performance improvement despite select-
ing more than three relays. Since, in ad hoc networks, nodes serving as relays are consuming
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power to retransmit signals, power consumption is an open area for contribution. For this
reason, minimizing the total power consumption under different cooperation scenarios needs
to be extensively studied. Power consumption can be minimized when participating nodes are
aware of how and when to cooperate [45]. For this purpose, an analytic approximation for a two-
user two-subcarrier case provided the design of a sub-optimal solution, but this needs validation
for a generalized number of users. Similarly, the availability of relays in a single source
to destination transmission model, given by a distributed algorithm [46], arrived at a unique
optimum but it has limited scope for fading manifestations. Routing and relay selection also
received some attention in terms of a cross-layer optimization framework [47]. Besides power
optimization, grouping/clustering the cooperative relay nodes [48] were studied in distributed
and centralized relay selection schemes to understand its impact on cooperation by achieving
a promising diversity gain. Distributed schemes, however, are more desirable but are complex
and difficult to implement to obtain the required diversity gains. With increasing number of
relay nodes, cooperative systems are prone to suffer from elevated levels of interference [49],
requiring additional resource allocation to mitigate the undesired outcomes caused by wireless
channel interference. Spectral efficiency of a distributed wireless network can be increased by
using multiple-input single-output (MISO) transmissions [50, 51], ultimately reducing the hop
count and latency. Cooperative relaying has also been adapted in centralized cellular networks,
cognitive radio networks, and IEEE 802.11 WLANs. Performance analysis of heterogeneous
cellular networks achieved the benefits of cooperative communications [52], however, the anal-
ysis is limited to a single source destination pair. The idea of cooperative relaying among users
in cognitive radio networks suggested enhanced transmission quality and spectrum utilization
with the help an infrastructure-based network architecture [53]. Cooperative relaying-based
medium access control (MAC) protocol, called PeerCast [54] was designed for an IEEE 802.11
WLAN-based testbed to highlight gains in throughput, fairness and reliability.
Cooperative relaying requires careful analysis to incorporate the design requirements of
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wireless communication protocols in order to mitigate the impact of wireless channel satura-
tion and fading. This leads towards the development of cooperative communication schemes,
wherein relay nodes are selected and utilized efficiently to address the dynamics of wireless
environments.
2.6.3 Relay Selection
Relay selection in wireless networks can resist the adverse effects of multipath propagation and
in its simplest form can achieve spectral efficiency and diversity without incurring a great deal
of decoding or synchronization complexity. A flat fading environment is mostly assumed for
relay selection [55, 56], however, relay selection also received some attention for Orthogonal
Frequency-Division Multiple Access (OFDMA) systems under frequency selective channels
[57–59]. As an example, an uncoded OFDM system [57, 58] was used to demonstrate that full
spatial diversity can be achieved if relays are selected on a subcarrier basis. However, neither
of these OFDM-based relay selection methods were adequate enough to achieve frequency
diversity as frequency offset and Doppler shift may be atoned but the situation gets worse when
combined with multipath. Linearly precoded OFDM systems [59], using multiple AF relaying
strategy with linear transmit precoding, presented a coding gain improvement compared to an
orthogonal relaying scheme but performed poorly in terms of achieving diversity gain. Per-
formance of fixed and adaptive relay selection in cooperative relaying networks was compared
in terms of outage probability and the number of forwarding relays [60]. The comparison
resulted in an information-theoretic bound which both these schemes can achieve. Moreover,
the resulting performance of the adaptive selection scheme is similar to the fixed relay selection
scheme, provided all the relays are selected for forwarding from a given pool or relays.
Diversity analysis of multiple-relay selection schemes was conducted to generalize the idea
of relay selection by allowing more than one relay to cooperate [61]. This multiple relay
selection based on exhaustive search achieved SNR-optimal relays and hence, computational
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complexity increases exponentially with the network size. Furthermore, to reduce the com-
putational complexity, design for several SNR-suboptimal multiple relay selection schemes
are also presented and the related performance was compared with the single relay selec-
tion scheme. Performance analysis indicated that the SNR-suboptimal schemes outperformed
the corresponding single relay selection but due to their computational complexity performed
poorly as compared to the SNR-optimal multiple relay selection scheme. STBC based coopera-
tive diversity offers larger diversity order than repetition-based algorithms and can be effectively
utilized for higher spectral efficiency than repetition-based schemes [62, 63].
Using the concept of a predefined threshold in a multi-antenna based cooperative commu-
nication [64], the source chose to seek assistance from relay nodes by selecting an optimal
relay with the maximum instantaneous value of the relay’s metric, which is quantified as a
harmonic mean of its source to relay and relay to destination channel gains. A decentralized
relay selection algorithm [65] was evaluated for performance, wherein each relay node de-
cides to relay or keep silent according to its own instantaneous channel gain and a predefined
threshold to affirm that the proposed scheme has almost the same performance as that of the
opportunistic relay selection method [66]. Load balancing has also received some attention
in cooperative designs. Taking load conditions (at the relay) into consideration to distribute
the load between the cooperative relay link and the direct source destination link for fairness
of resource allocation, a load-based relay selection scheme for relaying in OFDMA systems
was proposed in [67]. Performance analysis showed that the proposed algorithm improves user
fairness compared to any basic relay selection algorithm. Impact of dynamic wireless channel
in terms of frequency selective fading for multiple AF relaying was considered in [68]. This
scheme allows sharing a single channel orthogonal to the source and provides optimal bounds
on DMT as presented in the outage analysis. Employing zero-padding with this relay selection
method and maximum likelihood sequential estimation (MLSE), full diversity was achieved as
corroborated by numerical results. Since, MLSE might not be a practical choice for a detector
owing to its high complexity, a sub-optimal method based on the average SNR was presented
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using linear zero-forcing equalization at the destination, and is shown to achieve asymptotic
optimal DMT. An Opportunistic Relaying (OR) scheme under the AF relaying strategy was
studied in [69]. The authors used a feedback channel to combine an Automatic Repeat-reQuest
(ARQ) with OR. Using error correction, a relay is selected for cooperation only if the receiver
goes into outage. If cooperation is the only transmission mechanism, then the scheme incurs
a large overhead. An Incremental Transmission Relay Selection (ITRS) scheme was reported
in [51], aimed at recovering multiplexing losses due to relaying by using ARQ feedback. This
scheme outperforms some existing half-duplex DF relaying schemes (including DSTC and OR)
by achieving the MISO DMT bound. Achieving maximum diversity gain, this scheme however,
suffers from the increase overhead. The Generalized Selection Combining-Multiple Relay
Selection (GSC-MRS) scheme was investigated for performance improvement by allowing
more than one relay to cooperate in [70]. This scheme achieves performance gains, full diversity
and is robust toward channel estimation errors. However, computational complexity increases
linearly with increasing number of relays and for the same reason suffers from additional cost of
bandwidth, channel estimation, and power requirements. An Output Threshold Multiple Relay
Selection (OT-MRS) scheme was considered for performance analysis in [71]. In this scheme
a relay is selected based on a target threshold SNR at the destination. It offers a trade-off in
terms of bandwidth achieved and computational complexity. However, it provides a suboptimal
solution in terms of node synchronization and therefore, would require further exploration.
Based on the literature of cooperative relaying discussed above, some design requirements
in context of relay selection are given as;
• A design consideration towards relay selection involves the availability of SNR infor-
mation at the destination node. To this end, a Threshold-based Relay Selection (TRSC)
scheme was investigated under a detect-and-forward strategy in [72]. Relay is selected
by the destination based on relay to destination SNR and involves minimal delays as the
relays do not decode the information from the source. Albeit the scheme achieves full
diversity order, yet the possibility of error probability is somehow compromised as the
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relay selection does not consider SNRs of the source to relay links to be known at the
destination. Additionally, the optimal value of the threshold value is not fully explored.
We will try to explore these inadequacies in our cooperative design.
• Power allocation between the source and relay nodes is crucial in the design of coop-
erative schemes. A single relay selection scheme was proposed in [73], where a relay
is selected from a decode set having the highest channel gain values. This scheme is
simple and achieves full diversity order. However, it requires additional information
exchange between the relay and destination and also fails to address the issue of optimal
power allocation between nodes. We will consider this optimal power allocation in our
cooperative design.
• Relay position or network geometry can play a pivotal role towards the performance of
a cooperative scheme. Relay selection based on geographical information was studied in
[74] to minimize the Symbol-Error-Probability (SEP) by selecting relay based on a pro-
posed metric. This scheme involves minimal overhead and is applicable for fast-varying
environments; however, the availability of correct geographical information among nodes
is a crucial requirement and might affect system performance if not addressed appropri-
ately. We will consider the optimal relay positioning in our cooperative design.
• Cooperative communication must occur in a seamless fashion to be deemed practical
and therefore, the impact of interference amongst cooperative nodes needs to be min-
imized if not cancelled completely. Most of the research in this area focuses on the
scenario of single source and relays either operating over different carrier frequencies or
in different time slots. However, an increased amount of interference levels are observed
with multiple relays operating for the cooperative transmission. It would be necessary to
investigate how node interference can affect the relay selection scheme. Emphasis is laid
upon investigating the impact of interference on cooperative communication [75].
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2.6.4 Channel Estimation
Cooperative communication is essentially taking advantage of signal transmission using coop-
erating relay nodes by achieving diversity gains, but this gain comes at the risk of potential
interference and can lead to worse channel estimates when considering signal received at the
destination using independent paths. SER performance of a cooperative design operating in AF
mode is considered, when the CSI available at the destination is an estimate of the channel gains
with estimation errors [76]. For a similar scenario, pilot based channel estimation is considered
for performance improvement in [77].
Errors that occur while estimating wireless channel is referred to as Channel Estimation
Error (CSE) and is one of the most performance derogating factors in wireless communication.
The impact of mitigating the effect of channel estimation error using performance criteria, such
as outage probability and a gap ratio that depends on SNR is investigated in [78]. This ratio
amounts for the reduction in the SNR due to decrease in CSE, and thus, lowers the outage
probability. Moreover, cooperative transmission returns a lower SNR gap ratio as compared to
the direct transmission or in other words cooperative transmission is less prone to the effect of
CSE. Combining CSE with Co-Channel Interference (CCI), can result in further degradation of
performance in wireless communication systems. The implications of mitigating the effect of
both CSE and CCI are reported based on outage probability and a proposed SNR. Moreover,
increasing the cooperating relay nodes further reduces the CSE. However, synchronization
errors occurring as a result of distributed antenna cooperative schemes is very critical especially
when the relays are transmitting simultaneously. This timing synchronization error increases
with the number of cooperating relay nodes [79].
A recent study on energy efficient channel estimation to investigate the improvement in
energy consumption based on channel estimation is reported in [80]. Employing AF relaying
strategy and considering disintegrated and cascaded channel estimations, the proposed scheme
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provides useful recommendations on the channel estimation cost by considering its impact in
terms of SNR.
Channel estimation for the Decode-and-Forward (DF) based strategy was investigated in
[81]. The relay performs a Maximum Likelihood (ML) decoding for various modulation schemes
including M-PSK, M-PAM, and M-QAM. The decoder proposed is a generalized ML decoder
which is coherent to the decoder in [6]. The proposed ML decoder achieves full diversity for
the system studied. However, the assumption of probability of decode error at the relays is
not practical considering the absence of a threshold policy for relay selection based on error
probability.
Blind channel estimation is a practical approach when considering channel estimation in
time varying networks. A seminal work in blind estimation was investigated for orthogonal
STBCs and the proposed scheme outperforms another blind channel estimation scheme [82].
The main disadvantage of using this scheme is the complexity involved in estimating fourth
order cumulants. As a result, a semi-blind channel estimator using maximum a posteriori
(MAP) probability-based channel estimator was investigated in [83]. This channel estimation
scheme operates over a time varying Rayleigh environment and thus considers rapid variations
of channel within a transmission block. Using imperfect channel estimates in time-varying
environments has recently received some attention and a relay selection algorithm for AF based
cooperative strategy is studied for performance improvement in [84], a lower bound on capacity
and optimal power allocation is considered to establish the relay selection algorithm. As a result,
a sub-optimal relay selection is then derived and both the relay selection schemes are studied
for capacity gains.
Using multiple transmit and receive antenna further increases the complexity for channel
estimation. So, eigenvalue decomposition of a semi-definite normal matrix is performed to
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obtain its Singular Value Decomposition (SVD) and hence, an estimated largest singular value
for source to relay and relay to destination combined channel matrix can be obtained. This
estimate is compared with cascaded channel estimates, the performance is much superior for
relay to receiver channel estimate and comparable for the transmitter to relay channel estimate.
Moreover, to realize channel estimation in multiple user environment, an extension was also
provided for multiple transmitter multiple relay networks [85].
The effect of feedback delay and channel estimation errors in a cooperative network for a
multiple-relay was investigated for diversity gain [86]. The proposed method could not attain
full diversity gain due to the delayed feedback and channel estimation errors. Furthermore, this
scheme can suffer from outage as the source-relay CSI is not considered for relay selection.
Branch diversity was evaluated for bit error probability in the presence of non-ideal channel
estimates [87]. Maximum Likelihood (ML) based estimator requires only the evaluation of a
single integral involving the moment generating function of the norm square of the channel-gain
vector, and is applicable to channels with arbitrary distribution, including correlated fading. The
presented ML channel estimator preserves the diversity order of the Nd-branch diversity system.
2.7 Conclusion
This chapter introduced the topic of cooperative communication by highlighting wireless chan-
nel impairments and understanding the gains achieved using cooperative designs. Albeit co-
operative communication has recently received a lot of attention (as indicated in the literature),
nevertheless, we presented a holistic design to understand key notions properly and apply viable
taxonomies. Literature review in this chapter affirmed the requisite for a thorough investigation
into existing cooperative protocols and to propose a design towards the establishment of a
cooperative communication model. Moreover, the main argument presented in this chapter
suggests that significant outcomes can be achieved by efficiently selecting relays with a precise
channel estimation.
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Distinguished by its focus on how and when to select relays, the rest of the thesis will
endeavor to address the lack of research on efficient relay selection under certain channel
conditions and governed by practical channel estimates towards a cooperative communication
model. The next chapter will focus on relay selection to propose a cooperative communication
model.
Chapter 3
A Novel Cooperative Relay Selection Scheme
This chapter will focus on the relay selection process which can mitigate the wireless channel
impairments. Reliable low-cost wireless communication is indispensable to sustainable eco-
nomic development. The increasing demand for wireless data services is quickly saturating
existing wireless channel capacity. Diversity offered by Multiple-Input Single-Output (MISO)
is one of the promising techniques to deal with channel fading and requires more than one
transmitting antenna, however, implementation of MISO using multiple transmitting antennas
on small handheld devices in some wireless networks may not always be practical due to the size
of the user terminals. The main objective of this chapter is to realize cooperative networking in
wireless networks by means of an efficient relay selection strategy using the basis of transmit
diversity [6]. Primarily, focusing on the distributed MISO based cooperative scheme, which has
been verified [88–90] theoretically, being capable of combating wireless fading and improving
wireless channel capacity. Considering the distributed MISO based cooperative scheme, the
selected relay nodes can be used to form a distributed virtual antenna array to serve the users
cooperatively. Using this concept the performance of the cooperative communication model
will be analyzed and recommendations will be provided.
The main theme of this chapter is to present the potential of cooperation in wireless commu-
nication and is organized as giving an introduction about cooperative wireless communication
and highlighting the rationale behind the cooperative relaying strategy in Section 3.1. Setting
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up a system model (in Section 3.2), performance analysis in terms of outage analysis, DMT and
BER analysis is presented in Section 3.3 and recommendations are provided in Section 3.4 to
conclude the research findings.
3.1 Cooperative Relay Networks
Cooperative relay networks are emanating as a paramount technique to combat multipath fading
and increase energy efficiency in wireless access networks. Diversity analysis of single and
multiple relay selection schemes was carried out [61] to generalize the idea of relay selection by
allowing more than one relay to cooperate. Simulation results showed that the performance of
multiple relay selection methods was much better than the corresponding single relay selection
methods. More recently, performance analysis of single and multiple relay selection indicated
[44] marginal gain by selecting more than three relays for the cooperative communication
model. A decentralized relay selection algorithm was evaluated for performance [65], wherein
each relay node decides to relay or keep silent according to its own instantaneous channel gain
and a predefined threshold to affirm that the proposed scheme has almost the same performance
as that of the opportunistic relay selection method [66]. The effects of network geometry by
forming cooperating groups of terminals as a result of relay selection is one of the directions
highlighted [62]. Multi-antenna terminals based cooperative scheme was considered [64],
where the source decides to cooperate only when it needs help based on a predefined threshold.
The source picks only one relay which has the maximum instantaneous value of the relay’s met-
ric. Optimal Diversity-Multiplexing Trade-off (DMT) was achieved [68] as proven by outage
analysis, where multiple Amplify-and-Forward (AF) relays share a single channel orthogonal to
the source. Space-time block coded (STBC) cooperative diversity offers a larger diversity order
than repetition-based algorithms and can be effectively utilized for higher spectral efficiency
than repetition-based schemes [62]. The concept of simultaneous multiple relay selection (two
in our proposed scheme) followed by distributed space-time block coded (DSTBC) transmission
to exploit the diversity potential, has not been reported to date.
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With the increasing rate of mobile users globally, it is possible to propose a cooperative
communication model by having the available nodes serve as relays. The selected relays will
then act as a virtual transmit and receive antenna array model attaining higher order gains. The
proposed relay selection scheme not only provides diversity gain but also improves on the BER
performance.
3.2 System Model
The multiple relay selection scheme proposed in this section is opportunistic and adaptive as
it depends on the destination node to seek assistance or choose otherwise. If the destination is
experiencing a harsh wireless environment, then it goes through the relay selection process. In
this way, not only robustness in terms of mobility is guaranteed but significant improvements in
end-to-end performance in terms of throughput can be achieved. Opportunistic relay selection
can guarantee diversity gain by substituting available relays as virtual antenna terminals. The
criteria to determine that a particular relay is appropriate for cooperation is considered in our
proposed scheme to solve the hidden relay problem [55].
s
r1
r2
r3
rM
d
Message decoded and relay selected
Message decoded but relay not selected
Message not decoded and relay not selected
Figure 3.1: Two relays are selected for cooperative communication
This section highlights the system model considered to develop the proposed relay selection
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scheme. We consider a source s, a destination d, and M relays (indexed at m = 1, . . . ,M
acting as a virtual transmit antenna system), all of them having single-antenna and half-duplex
capability in a fading wireless environment as shown in Figure 3.1. We assume that either
the source-destination link is good enough for the communication process (i.e. the destination
decodes the signal from source) or the destination seeks assistance from cooperating relay nodes
(i.e. the destination finds it difficult to decode the signal). In the former case, the source and
the cooperating relays will not receive any control based packets from the destination, whereas
for the latter case, the destination selects relays based on the number of transmitted symbols
(which in our case is two) to cooperate instead of just selecting a single relay [51]. Selecting
two relays has multiple benefits; it not only increases the diversity gain but it can be robust for
a time varying environment. We perform an outage and DMT analysis of the proposed relay
selection scheme which is equivalent to the Multiple-Input Single-Output (MISO) DMT bound,
and provides a distinct improvement compared to existing literature [18, 30, 51, 55, 62, 91].
The selected pair of relays are defined as the ones having the highest receive SNR both to the
source and the destination.
3.2.1 Relay Selection Scheme
Let h, hm and gm denote quasi-static Rayleigh fading channels from s → d, s → rm and
rm → d, respectively. It is assumed that all the nodes have access to perfect receive Channel
State Information (CSI) and all the nodes transmit under the maximum decodable distance d
limits with a power constraint P and the SNR received at each node is ρ = P
σ2
(where σ2 is the
noise variance of a link). The source s transmits two information bearing symbols xt in two
time slots, then the destination d receives,
yt = xth+ n (3.1)
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and relays r1, r2, r3, . . . , rm each having their own channel coefficients h1, h2, h3, . . . , hm (where
hi 6= hj ∀ i, j ∈ m, 1 ≤ m ≤M ) receive,
Ztm = xthm + nsm (3.2)
in t time slots. Where n ∼ N (0, σ2) and nsm ∼ N (0, σ2) are normally distributed addi-
tive white Gaussian noise with zero mean and variance σ2. The channels between source to
destination h, source to mth relay hm and mth relay to destination gm are also zero-mean
independent, circularly symmetric complex Gaussian random variables with variances, Ωh =
d−βsdsd , Ωsm = d
−βsm
sm and Ωmd = d
−Ωmd
md , respectively. Where −βsd, −βsm and −βmd are the
path loss exponents for h =
√
d−βsdsd , hm =
√
d−βsmsm and gm =
√
d−βmdmd and the normalized
distance (maximum decodable distance) between source to destination d = dsd
D
, source to mth
relay dsm = dsmD , and mth relay to destination dmd =
dmd
D
, respectively. When the destination
Table 3.1: Two symbols transmitted in four time slots.
s ra rb d
t1 x1 Z1a Z1b -
t2 x2 Z2a Z2b -
t3 - z1a z∗1b y1
t4 - −z∗2a z2b y2
is unable to decode the information, it selects two relays and receive information during the next
two time slots using a transmit diversity approach [6], which is highlighted in Table 3.1. As the
relay selection process involves minimal feedback, we are ignoring the time required for relay
selection to avoid complexity by only considering transmission time. So, if the receiver selects
ra, rb as the best relays, then the received signal at the destination using distributed Alamouti
STBC would be,
Y1 = z1aga + z2bgb + nmd
Y2 = −z∗2aga + z∗1bgb + nmd
 (3.3)
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where nmd ∼ N (0, σ2) is the normally distributed additive white Gaussian noise with zero
mean and variance σ2, from the selected relays to destination. Finally, the receiver decodes the
information bearing symbols as,
y1 =
Y1g
∗
a + Y
∗
2 gb
|ga|2 + |gb|2
y2 =
Y1g
∗
b − Y ∗2 ga
|ga|2 + |gb|2
 (3.4)
The relay selection process is based on a minimal feedback handshake between the relays
and the destination. This handshake not only helps improve diversity but also helps in terms
of energy conservation for participating – yet not selected relays. The feedback exchange
involves the control channel at the medium access layer, when the relays receive a Negative-
Acknowledgment (NACK) from the destination, they send a request to send (RTS) along with
relay ID and the received SNR from the source. RTS here means that out of M relays, the mth
relay has decoded the message from the source and is willing to cooperate. The destination
selects and broadcast the indices of the selected relays from the information received (and also
accounting for the received SNR at the destination itself). Relays are selected based on the
SNR gains at the relays (source-relay link) and the destination (relay-destination links). The
selected relays that transmit the message are the ones with the maximum SNR. The proposed
relay selection scheme is described in Algorithm 2.
Algorithm 1 Relay Selection at Destination
Require: Destination is in Outage
if Unable to decode then
Broadcast NACK
for all relays that decode the message do
Receive Relay ID, Source-Relay SNR
Compute Relay-Destination SNR
end for
Broadcast Indices of the selected Relays
end if
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3.3 Performance Evaluation
Performance of the proposed scheme is analysed using outage probability, DMT [18] and BER,
to corroborate the impact of relay selection using the concept of virtual antenna array. By
definition [51], a channel achieves a multiplexing gain r and a diversity gain d with rate R(ρ)
and resulting outage Pout(ρ) such that,
r = lim
ρ→∞
R(ρ)
log(ρ)
− d = lim
ρ→∞
logPout(ρ)
log(ρ)
(3.5)
3.3.1 Outage Probability Conditioned on Decode Set
The information exchange between a source-destination direct channel for independent and
identically distributed (i.i.d.) complex Gaussian codebooks [62] can be given as,
Isd =
1
2
log
[
1 + 2ρ|h|2] (3.6)
When the destination is unable to decode the initial message sent from the source, it goes
through the relay selection process which in turn depends upon the number of relays that have
decoded the message properly. Amongst, M available relays, consider D(K) as the set of
relays being able to successfully decode the message. The destination ranks the decode set
accordingly and selects k relays from this decode set, where k is based on the number of the
symbols transmitted initially from the source. The mutual information exchange between the
selected relays k and the destination can be given as,
Ikd =
1
2
log
[
1 + 2ρ
(|ga|2 + |gb|2)] (3.7)
The system can be in outage for the following conditions,
• if neither the destination nor the relays decode the message from the source,
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• if the destination is unable to decode and the relays are unable to transmit the decoded
message
based on these conditions, the overall outage of the system in terms of data rate can be general-
ized as,
Pout = Pr
{
Isd <
R
2
, Ism <
R
2
}
+ Pr
{
Isd <
R
2
, Ism >
R
2
, Imd <
R
2
}
(3.8)
Considering the case when the destination cannot decode the message from the source and
opts for relay selection, outage is observed if the selected relays k decodes the message for a
target data rate R
2
(ρ) < r log ρ, and hence, we can say that the outage probability conditioned
on the selected k relays from the decode set is given as,
Pout(k) =
∑
k
Pr
[
Ikd <
R
2
∣∣∣k ∈ D(K)] (3.9)
Since, the destination selects relays independently based on independent fading coefficients.
The probability that exactly k relays decoded the message properly is given by,
Pr(k) =
∏
k∈D(K)
Pr
[|hsk|2 > γ] = ∏
k∈D(K)
exp [−Ωskγ] (3.10)
where, the channel power variable γ = 2
2R−1
2ρ
, depends on the SNR value at a particular node.
As the relays are selected from a pool of relays that have decoded the message from the source
successfully, it is quite obvious that the probability of destination going into outage is very low
(almost negligible) even if it cannot decode the initial message from the source.
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3.3.2 Effective Rate
The instantaneous transmission rate C of the system based on the mutual information exchange
from (3.6) and (3.7) can be given as,
C > Iinst =

1
2
log [1 + 2ρ|h|2] |h| > γ
1
2
log [1 + 2ρ (|ga|2 + |gb|2)] |ga|+ |gb| > γ
(3.11)
which can lead to calculate the throughput at the destination when the source-destination direct
link fails and is given as,
η =
R
2
[exp (−ΩsmΩmdγ)] (3.12)
where R is the rate reduced to half as four time slots are required to receive two xt symbols with
a probability,
PNACK = 1− exp (−ΩsmΩmdγ) (3.13)
that the response of the destination is a NACK after receiving the message from the relays.
Given, the relays are selected from D(K), the probability of having a NACK is much lower
because the relays enjoy better channel conditions as compared to the source and hence, the
proposed scheme provides a throughput gain as compared to a direct non-cooperative transmis-
sion.
3.3.3 Diversity-Multiplexing Trade-off (DMT)
The diversity gain achieved by the proposed relay selection scheme by selecting k relays out of
available M relays is as follows, where, (.)+ = max {., 0}
Theorem 1 The proposed relay selection scheme achieves the following diversity-multiplexing
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gain,
d(r) = (M + 1)(1− r)+ (3.14)
Proof The effective rate of the proposed relay selection scheme when the source-destination
direct link fails is η as defined in (3.12). However, for larger values of ρ, this rate is asymp-
totically equivalent to per-packet transmission rate R. We can calculate the multiplexing gain
based on R as given in (3.5). If the relays are operating at high SNR, then for the selected
relays (3.10) takes the form,
Pr(k)
.
= ρ(r−1)(M−k+1) Ω(M−k+1)sk (3.15)
considering similar values of SNR, the probability that the selected relays decoded the message
from (3.7) can be given as,
Pr{Ik,d < r log ρ
2
∣∣∣D(K)} ≤ Pr{ga ≤ ρr−1|D(K)} Pr{gb ≤ ρr−1|D(K)}
.
= ρr−1ρr−1
= ρ2(r−1) (3.16)
Now, combining (3.15) and (3.16), we can conclude that the diversity order of the proposed
relay selection scheme is given as,
d(r) = (M + 1)(1− r)+ (3.17)
The DMT of the proposed scheme with only a possibility of selecting two relays is compared
in Figure 3.2 with DSTBC [55, 62], the benchmark of transmit diversity (i.e. Alamouti scheme)
[6], the optimal trade-off curve [18] and a slight modification to the ITRS scheme [51]. ITRS
is modified to consider the initial transmission (where the source transmits and the destination
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Figure 3.2: Diversity-multiplexing tradeoff of the proposed scheme compared with DSTBC,
ITRS and Alamouti and Non-Cooperative Source-Destination Direct
receives the message via the relay) with the source not being able to transmit during successive
transmission slots. The proposed scheme is capable of achieving the promised diversity gain
offered by DSTC, Alamouti and ITRS schemes and the multiplexing gain of the DSTC and
ITRS as the data rate is compromised which is a fair enough trade-off, considering the direct
source-destination is not possible, the source is not transmitting in successive time slots due
to the time variant nature of the underlined system model. It is also well established that
MISO bounded systems cannot operate at full rate [38, 92]. Adopting this scheme will help
the non-participating relays (i.e. the relay nodes that are cooperating but are not selected by
the destination) to conserve their energy which might be considered as an incentive despite of
their willingness to cooperate and are utilized later or subsequently by another receiver seeking
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assistance. The achieved multiplexing gain is also the lower bound of DSTBC [62]. The upper
bound can be realized by looking at the system model as a virtual transmit and receive antenna
array.
DMT Upper Bound
The DMT of the proposed scheme can be upper bounded with a unique assumption that it acts
as a virtual SIMO-MISO system for the communication process. Taking into consideration this
model, we have the following result:
Theorem 2 The upper bounded DMT of the proposed relays selection scheme is given as,
d∗(r) = (M − 1)
(
1−
(
1 +
2
k
)
r
)+
(3.18)
Proof Firstly, the source transmitting the information to the relays in a SIMO fashion for which
the well-known source-relay DMT bound is given as,
d∗sm = (M − 1)(1− r)+ (3.19)
and the relay-destination MISO bound DMT as suggested in [55], can be given as,
d∗md = (M − 1)(1− r)+ (3.20)
So, we can define the upper bound or the optimal DMT by taking the minimum of (3.19)
and (3.20), as suggested in [51] and considering rate loss
(
k+2
k
)
r induced by the cooperative
nature of the system. The optimal DMT is,
d(r)∗ = (M − 1)
(
1−
(
1 +
2
k
)
r
)+
(3.21)
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Figure 3.3: Comparison of the proposed scheme with Single Relay Theoretical, Two Relay
MRC and Direct Source-Destination Non-Cooperative Communication
3.3.4 Performance Improvement in our Proposed Scheme
We now perform Monte-Carlo simulations (using psuedo-random bits generated for different
levels of SNR) on an asymmetric relay network, to validate the analytical model. BER anal-
ysis of the proposed scheme is illustrated in Figure 3.3. It is compared to a non-cooperative
direct source destination communication, theoretical single relay communication [30] and two
relays with Maximal-Ratio Combining (MRC)[91]. The BER performance of a non-cooperative
suffers as it lacks the added advantage of receiving the same information from relays (having
higher SNR levels) that are available for the cooperative communication model. The proposed
scheme enjoys better performance than all the schemes under consideration by a minimum of
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approximately 4dB, which indicates its robustness to harsh wireless environments. To achieve
a BER of 10−2 the proposed scheme uses an SNR of 12dB as compared to the SNR (≥ 16dB)
required by other schemes. The proposed relay selection scheme, not only benefits the partici-
pating yet not selected relays but can also help the selected relays to conserve energy depending
on the type of service required.
3.4 Conclusion
In this chapter, we have capitalized on the global increase in the number of mobile users by
proposing a multiple relay selection scheme which enjoys better performance as corroborated
by outage analysis, DMT and BER results and hence, achieved a promising diversity gain like
Alamouti, DSTBC, ITRS (modified) with minimal complexity. The proposed relay selection
scheme takes advantage of a virtual SIMO-MISO system model and can transmit at a lower
SNR towards a better reception as reflected in BER analysis. It also has an added advantage to
conserve energy for the relays that are not selected (to form the virtual antenna array) for future
transmissions. The proposed scheme offers 4dB advantage over other schemes which can be
utilized either to improve the quality of the service or to conserve energy for the selected relays
depending upon the type of service. This improvement in performance, especially, compared to
the MRC scheme with two relays is a clear indication that the proposed scheme achieves better
performance when compared with a similar regenerative scheme in addition to the diversity
gain achieved. As a design consideration, the proposed scheme must also be investigated for
performance improvements by allowing the source to successively transmit and also considering
the power allocation of node, network geometry and a practical channel estimation to study the
impact of the relay selection scheme.
Chapter 4
Power Allocation, Coverage Expansion and
Channel Estimation
In this Chapter, we will extend the cooperative relay selection scheme proposed in the previous
Chapter by considering a source transmitting sequentially; and we will also account for the
optimal power allocation and relay position. Furthermore, we will also consider practical
channel estimation towards the cooperative design. An optimal cooperation strategy, Decode-
to-Cooperate (DC), is proposed and investigated for performance improvements in dual-hop
wireless relay networks. Based on a Decode-and-Forward (DF) strategy with multiple relay
selection, we design a novel scheme such that the source node keeps transmitting sequentially
and the selected relays cooperate by transmitting the decoded signal using distributed Alamouti
coding. We exploit the multipath propagation effect of the wireless channel to achieve lower
probability of error and introduce optimum power allocation and relay positioning. We analyse
the scenario when the source to destination direct link is not available and derive a closed
form expression for symbol error rate (SER), its upper bound and an asymptotically tight
approximation to exploit the performance gain by selecting the optimum relays in a multiple-
relay cooperation scheme. The asymptotic optimum power allocation (based on the SER ap-
proximation) and optimal relay positioning is also considered to further improve the SER. The
proposed relay selection scheme outperforms cooperative (DF) and non-cooperative schemes
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by more than 2dB. Moreover, we also provide a model for channel estimation for the proposed
scheme and study the sub-optimal channel estimation as compared to the availability of perfect
CSI.
4.1 Introduction
The global increase in multimedia traffic is saturating existing wireless channel capacity. More-
over, considering the practical limitation in hardware design of hand-held wireless access de-
vices, alludes to exploiting one of the fundamental characteristics of wireless communication
i.e., multipath propagation. In order to enhance the performance in a single antenna terminal
based wireless communication system, i.e., Single-Input Single-Output (SISO), a concatenated
Single-Input Multiple-Output (SIMO) Multiple-Input Single-Output (MISO) system could be
realized as a virtual antenna array in order to take advantage of the multipath propagation as
shown in Figure 4.1. Employing this realization of cooperating terminals is essentially taking
SIMO
MISO
.
.
.
Source
Destination
Relays
Figure 4.1: Virtual antenna array in SIMO-MISO wireless relay network.
advantage of the aforementioned SIMO and MISO systems to gain performance improvements.
Cooperative relaying is a useful design to mitigate the effect of wireless fading and exploiting
multipath propagation, and as a result achieving optimal performance in dual-hop communi-
cation [93]. Addressing the previously discussed aims of this thesis, we study the effect of
multipath propagation in wireless communication by using the basis of transmit diversity [6] to
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extend our findings from Chapter 3 [63]. Considering the aforementioned concatenated SIMO-
MISO concept, the selected relay nodes can be used to form a distributed virtual antenna array
to serve the users cooperatively.
In [94], the authors proposed exact outage and capacity performance expressions for relay
selection and studied the diversity achieved based on relay selection. A coalition strength based
game theoretic approach was considered for relay selection leading to some useful insights
on selection criteria in a multi-relay environment [95]. Performance of the DF strategy with
best-relay was investigated [96], where the selected relay was the one with the highest signal-
to-noise (SNR). Recently, a study on error probability of DF strategy for a cooperative single
relay network was carried out [97], to propose a relay selection scheme with optimized power
allocation. In order to generalize the concept of relay selection, diversity analysis of single and
multiple relay selection schemes was investigated [61] and based on the simulation results, the
performance of multiple relay selection methods was superior to the corresponding single relay
selection methods. Multiple antennas based DF relaying is considered [98], to investigate the
diversity gain by employing multiple antennas. Performance analysis of single and multiple
relay selection indicated marginal gain by selecting more than three relays for the coopera-
tive communication model [44]. Space-time block coded (STBC) cooperative diversity offers
larger diversity order than repetition-based algorithms and can be effectively utilized for higher
spectral efficiency [62]. Distributed Alamouti code promises higher diversity order and lower
error probability and could be employed as a virtual antenna scheme to achieve similar diversity
orders and error probability [88].
Effect of network geometry by forming cooperating groups of terminals as a result of relay
selection, can also lead to substantial performance improvement [24]. Performance based on
network geometry can be enhanced by considering power allocation in cooperative communi-
cation [97, 99]. Dual hop communication is usually considered in wireless environments where
direct source to destination transmission is not possible e.g. IEEE 802.11a, despite having
higher data rates is prone to multipath fading and only offers one third of the coverage area as
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compared to IEEE 802.11b. Furthermore, a global increase in the number of wireless access
users, increases the probability of having more than a single relay available for cooperative
communication. Considering this fact and using the concept of cooperative diversity, significant
outcomes can be achieved by exploiting the performance of the virtual transmit and receive
antenna array model through efficient multiple relay selection in a time varying environment.
In this Chapter, we have proposed,
• An efficient cooperative protocol for dual-hop networks with sequential transmission
(from the source) and studied its performance;
• An optimal power allocation and relay positioning strategy for the proposed protocol,
such that the performance can be further enhanced;
• A practical Channel estimation strategy for the proposed protocol to study the impact of
channel estimation on the proposed scheme.
The main theme for this Chapter is to extend the cooperative communication strategy by
adding complexity. In Section 4.2, we present the rationale behind the cooperative strategy and
the system model used for the proposed relay selection algorithm. Detailed error probability
analysis is provided in Section 4.3. This analysis is then considered to derive optimum power
allocation (Section 4.4) and optimal relay position (Section 4.5) and the performance analysis
is presented in Section 4.6. Finally, in Section 4.7, we present a model with practical channel
estimation to discuss the performance based estimation errors and conclude the chapter with a
brief summary of the research findings in Section 4.8.
4.2 System Model
In this section a system model is presented to describe the network dynamics of the commu-
nication system for performance evaluation. This work extends our previous model [63], by
considering Alamouti-coded DF strategy with multiple relay selection as a baseline. Now, we
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Figure 4.2: Cooperative communication using multiple-relays for distributed Alamouti scheme.
introduce a source s transmitting symbols sequentially, and in the absence of direct source-to-
destination link, the destination d seeks help from the nearby relay nodes r. In turn, relays that
have successfully decoded the information symbols, show willingness to cooperate and going
through the process of selection, transmit the information bearing symbols to the destination
in a distributed Alamouti fashion, as shown in Figure 4.2. We assume a coherent cooperative
system where source-to-relay channel state information (CSI) is available at the relays, whereas,
destination calculates the relay-to-destination CSI for the selected relays. Considering the
absence of the direct link from source to destination, we are still able to achieve full diversity
gain using the proposed DC strategy for multiple relay selection and taking into consideration
the added advantage of the enhanced SNR for the relay-to-destination link. We employ a time-
division multiple access (TDMA) based signal transmission, and consider QPSK modulation.
4.2.1 Decode-to-Cooperate (DC)
The relay selection process is inspired by the original DF strategy [24] with added design
considerations. It is based on a minimal handshake between relays and destination. As a result
of this, we not only ensure an improved diversity order [63], but also strive towards efficient
power consumption and optimal relay positioning. Additionally, this scheme also provide
incentive to the participating yet not selected relays by allowing them to conserve energy as
only the selected relays transmit the decoded symbols to the destination. The work flow of the
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proposed DC scheme at the destination node is described in Chapter 3 and is given below for
convenience,
Algorithm 2 Relay Selection at Destination
Require: Destination is in Outage
if Unable to decode directly from source then
Broadcast NACK, Destination ID
for all relays that decode the message do
Receive Relay ID, Source-Relay SNR
Compute Relay-Destination SNR
end for
Broadcast Indices of the selected Relays
end if
The exchange of control based information for relay selection involves the control channel
at the medium access control layer; when the relays receive a Negative-ACKnowledgment
(NACK) from the destination, they send a relay ID and the received SNR from the source,
indicating that they have decoded the message from the source and are willing to cooperate.
The destination accounts for the received SNR from the relays, in addition to the received
information from the relay and broadcast the indices of the selected relays. Relays are selected
based on the SNR gains at the relays (i.e., source-to-relay link) and the destination (i.e., relay-
to-destination links). It is assumed that time incurred for the relay selection process is negligible
as compared to the actual data transmission time, considering it as preamble time. The selected
relays cooperate by transmitting the decoded information are the ones with the maximum SNR
gains at the destination (for the source-relay-destination link).
4.2.2 Cooperative Communication Based on Distributed Alamouti Scheme
Let hm and gm denote quasi-static Rayleigh fading channels from s → rm and rm → d,
respectively. The source s transmits two information bearing symbols xk in k time slots (where
k is even and channel remains constant during this time), then a pair of symbols received at the
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relays ram and rbm each having their own channel coefficients ham and hbm receive,
Z(k−1)am = xk−1ham
√
P1 + n(k−1)am
Z(k)am = xkham
√
P1 + n(k)am
Relay a
Z(k−1)bm = xk−1hbm
√
P1 + n(k−1)bm
Z(k)bm = xkhbm
√
P1 + n(k)bm
Relay b
(4.1)
respectively. Where we have, ∀ k ∈ n(k)am ∼ N (0, σ2) and n(k)bm ∼ N (0, σ2), as normally
distributed additive white Gaussian noise with zero mean and variance σ2. P1 refers to the
transmission power at the source. The channel between source to m-th relay hm is zero-mean
independent, circularly symmetric complex Gaussian random variables with variance δ2sm. In
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Figure 4.3: Illusrating sequential transmission from source, and the received and transmitted
symbols at the relays.
the absence of the direct source destination link (i.e., δ2sd = 0), the destination selects two relays
and receive information during the next two time slots using a transmit diversity approach [6],
which is highlighted in Figure 4.3. So, if the destination selects ram, rbm as the best relays
(Figure 4.2), then the received signal at the destination using distributed Alamouti STBC would
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be,
Y(k−1) = z(k−1)amgam
√
P2 + z(k)bmgbm
√
P2 + n(k−1)md
Y(k) = −z∗(k)amgam
√
P2 + z
∗
(k−1)bmgbm
√
P2 + n(k)md
 (4.2)
Where we have, ∀ k ∈ n(k)md ∼ N (0, σ2) is normally distributed additive white Gaussian
noise with zero mean and variance σ2, from the selected relays to destination. P2 refers to the
transmission power at the individual relay. The channel between m-th relay to destination gm
is also zero-mean independent, circularly symmetric complex Gaussian random variables with
variance δ2md. Finally, the destination combines the information bearing symbols as,
y(k−1) =
Y(k−1)g∗am + Y
∗
(k)gbm
|gam|2 + |gbm|2
y(k) =
Y(k−1)g∗bm − Y ∗(k)gam
|gam|2 + |gbm|2
 (4.3)
These symbols are then decoded using a Maximum Likelihood (ML) decision rule [6]. We are
considering sequentially transmitting source and relay nodes, as illustrated in Figure 4.3 and
highlighted the decoded symbols only at the selected relays (and not all of theM relays) to avoid
complexity. Furthermore, the relays use interference cancellation [51, 100, 101] between them
to decode the information symbols from source (Figure 4.3 grey shaded regions). The selected
relays flush the accumulated interference after transmitting the decoded symbols; whereas the
relays that were not selected for cooperation, try to decode the next transmission symbols from
the source and the previously decoded symbols from the selected relays simultaneously. These
relays then, decode the interference and subtract it from the previously decoded symbols to
obtain the desired symbols [100], if δ2ma1ma2  δ2sma2 (i.e., the channel gain between the
transmitting and listening relay link is greater as compared to source and listening relay link) or
discards the transmission from transmitting relay as noise if δ2ma1ma2  δ2sma2 , before eventually
flushing the accumulated interference and start fresh when the source transmits the next symbols
sequentially.
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4.3 Probability of Error Analysis
In this section, we consider symbol error rate (SER) to analyse the error probability performance
of the proposed DC strategy. We derive an upper bound and an asymptotic approximation
on the error probability for the proposed system with the M-PSK modulation. When M-PSK
modulation is used in the system, with instantaneous SNR (ρ) and channel coefficients hm and
gm, the conditional SER can be given as [102],
Phmgmc = Ψ(ρ)
Ψρ
.
=
∫ (M−1)pi/M
0
exp
(
−bPSKρ
sin2 θ
)
dθ (4.4)
where bPSK = sin2(pi/M) and M = 2k with k even. The source sends M-PSK symbols,
then at the relay, the chance of erroneous decoding is Ψ(P1|hm|2/σ2), and the chance of correct
decoding is 1 − Ψ(P1|hm|2/σ2). The channel variances of hm and gm are defined by δ2sm and
δ2md, respectively. The conditional SER in terms of hm and gm could be expressed as,
Phmgmc =
∫ (M−1)pi/M
0
exp
(
−bPSK(P1|hm|
2 + P2|gm|2)
σ2 sin2 θ
)
dθ (4.5)
Given |hm|2 and |gm|2 having an independent Rayleigh distribution with E[|hm|2] = δ2sm and
E[|gm|2] = δ2md respectively, and considering a dual hop communication system where the
channel link between the source and destination is not available i.e., δ2sd = 0, averaging over the
Rayleigh fading channel, the closed form SER [102] of the system can be given as,
Pwcf = F
(
1 +
bPSKP1δ
2
sra
σ2 sin2 θ
)
F
(
1 +
bPSKP1δ
2
srb
σ2 sin2 θ
)
+ F
(
1 +
bPSKP2δ
2
rad
σ2 sin2 θ
)[
1− F
(
1 +
bPSKP1δ
2
sra
σ2 sin2 θ
)]
× F
(
1 +
bPSKP2δ
2
rbd
σ2 sin2 θ
)[
1− F
(
1 +
bPSKP1δ
2
srb
σ2 sin2 θ
)] (4.6)
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where
F =
1
pi
∫ (M−1)pi/M
0
1
x(θ)
dθ (4.7)
4.3.1 SER Upper Bound and Asymptotic Approximation
The closed form SER in (4.6) can be numerically evaluated (as it involves a definite integral) but
due to its complex nature, we introduce SER upper bound and SER approximation to evaluate
the asymptotic performance of the underlined system. So, by removing the negative term in
(4.6) and introducing w,
Pwub ≤ F
(
1 +
bPSKwP1δ
2
sra
σ2 sin2 θ
)
× F
(
1 +
bPSKwP1δ
2
srb
σ2 sin2 θ
)
+ F
(
1 +
bPSKwP2δ
2
rad
σ2 sin2 θ
)
× F
(
1 +
bPSKwP2δ
2
rbd
σ2 sin2 θ
) (4.8)
where, w is a weight factor depending on the min. max. ratio of the instantaneous SNR (ρ)
values,
w =
min(ρsm, ρmd)
max(ρsm, ρmd)
(4.9)
It is worth mentioning that the quality of the decoded symbols depends on both the source-to-
relay and relay-to-destination links, which resulted in the introduction of a weighted approach
towards the upper bounded error probability. This weighted approach allows us to study the
impact of network geometry on the probability of error and suggest an upper bound on the error
probability based on the most stringent requirements. The integrands in the inequality (4.8)
have a maximum value at sin2(θ) = 1. Therefore, substituting sin2(θ) = 1, we have,
Pwub ≤
(M− 1)2σ22
M2
(
(σ2 + wBa)(σ
2 + wBb) + (σ
2 + wAa)(σ
2 + wAb)
(σ2 + wAa)(σ2 + wAb)(σ2 + wBa)(σ2 + wBb)
)
(4.10)
where Aa = bPSKP1δ2sra , Ab = bPSKP1δ
2
srb
, Ba = bPSKP2δ2rad and Bb = bPSKP2δ
2
rbd
. We
derive the probability density function of w (See Appendix A), to represent the SER upper
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bound,
Pub ≤
∫ ∞
0
(Pwub) f(w)dw (4.11)
So, the upper bound on the SER for the proposed system can be expressed as follow,
Pub ≤(M− 1)
2σ2
2
M2
(
(σ2 +Ba)(σ
2 +Bb) + (σ
2 + Aa)(σ
2 + Ab)
(σ2 + Aa)(σ2 + Ab)(σ2 +Ba)(σ2 +Bb)
)
× δ
2
rad
δ2rbd
δ2sraδ
2
srb
+ δ2radδ
2
rbd
(4.12)
It can be observed that the upperbound on the error probability depends on the channel quality
for source-to-relay and relay-to-destination links. We now compute an asymptotically tight
SER approximation if the channel links hm and gm are available, i.e., δ2sra 6= 0, δ2srb 6= 0, δ2rad 6=
0, δ2rbd 6= 0. According to (4.6), let us denote the SER as,
Pa = I1
(
P1
σ2
)
+ I2
(
P2
σ2
)
(4.13)
where,
I1(x) = F
(
1 +
xbPSKδ
2
sra
sin2 θ
)
F
(
1 +
xbPSKδ
2
srb
sin2 θ
)
(4.14)
and,
I2(y) = F
(
1 +
ybPSKδ
2
rad
sin2 θ
)[
1− F
(
1 +
xbPSKδ
2
sra
sin2 θ
)]
× F
(
1 +
ybPSKδ
2
rbd
sin2 θ
)[
1− F
(
1 +
xbPSKδ
2
srb
sin2 θ
)] (4.15)
then we have the following results,
lim
x→∞
x2 I1(x) =
C2
b2PSKδ
2
sraδ
2
srb
lim
y→∞
y2 I2(y) =
C2
b2PSKδ
2
rad
δ2rbd
where,
C =
1
pi
∫ (M−1)pi/M
0
sin2(θ)dθ =
M− 1
2M
+
sin 2piM
4pi
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Therefore, at higher values of x and y, we have the following asymptotically tight approxima-
tions,
I1(x
2) ≈ 1
x2
· C
2
b2PSKδ
2
sraδ
2
srb
, I2(y
2) ≈ 1
y2
· C
2
b2PSKδ
2
rad
δ2rbd
when x and y tend to infinity, the approximated errors are insignificant as compared to the
orders of x and y. Replacing x and y with P1/σ2 and P2/σ2 respectively and substituting the
results in (4.13), the SER in (4.6) can be tightly approximated as,
Pa ≈ C
2σ2
b2PSK
(
1
P 21 δ
2
sraδ
2
srb
+
1
P 22 δ
2
rad
δ2rbd
)
(4.16)
4.4 Optimum Power Allocation
In order for the cooperation strategy to achieve the desired performance (in terms of probability
of error), power should be adequately balanced. In this section, we determine an asymptotic
optimum power allocation for the DC cooperation strategy based on the asymptotically tight
SER approximation in (4.16). Specifically, we determine an optimum transmitted power P1
that should be used at the source and P2 at the relay. As the SER approximation in (4.16)
is asymptotically tight at high SNR, it is sufficient to minimize the following term G(P1, P2)
with the fixed total power constraint, P1 + P2 = P in order to optimize the asymptotic SER
performance for a single source-relay-destination link,
G(P1, P2) =
(
1
P1δ2sm
+
1
P2δ2md
)
(4.17)
taking the derivative of (4.17) with respect to P1 and setting the resultant expression as 0, we
can solve for P1 and P2 from the total power constraint as [102],
P1 =
δmd
δmd + δsm
P (4.18)
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P2 =
δsm
δmd + δsm
P (4.19)
Here, we consider three scenarios based on network geometry for optimum power distribution
in (4.18) and (4.19) to comply with fixed total power constraint,
• δsm  δmd, the source can transmit with less power as the relay is more closer to it but
the relay uses most of the power to achieve a desirable SER at the destination.
• δsm ≈ δmd, the relay is aligned approximately equi-distant from the source and the
destination and hence, equal power should be employed at the source and the relay to
achieve the desired SER at the destination.
• δsm  δmd, as the relay is closer to the destination and the confidence in the source-to-
relay link is reduced, therefore, most of the power should be employed at the source to
achieve a desirable SER at the destination.
This is essentially allocating power based on network geometry as illustrated in Figure 4.4.
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Figure 4.4: Network geometry based on the position of relay nodes (a) Closer to source, (b)
Equidistance from source and destination, (c) Closer to destination
4.5 Optimal Relay Position
To determine the optimal relay position, we consider the distance between the selected relays
and their respective distance from the source and destination. In order to achieve an acceptable
SER bound, we tend to bring the selected relays in close proximity within the coverage area
of the source, such that the destination lies within the mutual coverage area of the relays. For
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this, we consider a wireless system with probability density function of the distance l for any
uniformly distributed node w.r.t. a central node whose coverage area is defined by a circular
cell radius cr consisting of q sectors as in Figure 4.5,
s
ra
cr
l
d
rb
Figure 4.5: Illustrating a central source node at a distance l from the relay, with cell radius cr
and showing one sector from q = 4 sectors.
f(l) =
2l
c2r
, s.t. 0 ≤ l ≤ cr (4.20)
Based on the distance between two nodes, where source is at centre and the relays and destina-
tion are placed at distance lsm and lmd, respectively. The information bearing symbols received
at the relay and the destination in general,
Zsm = xsmhsm
√
P1l−αsm + nsm (at Relay)
Ymd = zmdgmd
√
P2l
−α
md + nmd (at Destination)
(4.21)
where α is the path loss exponent. Furthermore, restricting our discussion to dual-hop
wireless networks, we observe the outage probability conditioned on a threshold γ when the
instantaneous SNR ρ per source-relay-destination link falls below an acceptable rate to decode
the signal properly. This criterion will allow us to predict the optimal relay location in terms
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of distance from the source and the destination. So, the outage probability conditioned on the
absence of the direct source-destination link can be given as,
P(ρsd  γ) =
∑
∀selected
relays
P(ρsm ≤ γ)P(ρmd ≤ γ) (4.22)
where summation is for the disjoint probability of outage at each selected relay and the multi-
plicative factor is for independent fading at source-relay and relay-destination links. Then the
outage based on the distance between the source-relay-destination can be given as,
P(lsm, lmd) =
∑
∀selected
relays
(
1− f(γ, lsm)
)(
1− f(γ, lmd)
)
(4.23)
where, f(x, y) = exp(−σ2xy/Py) and Py = P1 when y = lsm and Py = P2 when y = lmd. In
order to compute the optimal relay position, we need to find two pairs (lsm, lmd) of relays for
the proposed DC strategy to minimize the conditional probability in (4.23),
(lsm, lmd)
∗ = min P(lsm, lmd), s.t. 0 < lsm, lmd < cr (4.24)
the mean square distance between two nodes l units apart with angle θ can be given as,
f(lsm) = E(‖lsm − l expjθ ‖2) for s→ r link
f(lmd) = E(‖l expjθ−lmd‖2) for r → d link
(4.25)
where E is the joint statistical expectation over l and θ (uniformly distributed over −pi/q, pi/q).
Solving for optimal lsm, lmd, the expected values can be reduced as (lsm)∗ = E(l expjθ) and
(lmd)
∗ = E(l expjθ). The optimal relay position to minimize the outage probability can thus be
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given as,
(lsm, lmd)
∗ =
q
2pi
pi
q∫
−pi
q
cr∫
0
l
(2l)
c2r
(√−1 sin(θ) + cos(θ)) dldθ
× q
2pi
pi
q∫
−pi
q
cr∫
0
l
(2l)
c2r
(√−1 sin(θ) + cos(θ)) dldθ
=
4q2
9pi2
sin
(
pi
q
)2
c2r
(4.26)
it can be readily concluded from (4.26) that the optimal relay position is predominantly depen-
dent on the cell radius (cr) as well as the number of sectors (q) per cell.
4.6 Performance with Optimal Power Allocation and Relay Position
In this section, performance of the proposed DC strategy is analyzed to further investigate the
analytical model. A quasi-static Rayleigh fading channel is considered with total transmit power
P = P1 + P2 and SNR = 10 log [P/σ2], where σ2 is the unit noise variance for both source-to-
relay and relay-to-destination links. We take average SER over k = 10, 000 transmissions
from the source, in order to evaluate the performance of the proposed sequential scheme.
Furthermore, all the results in this section are based on this average. In Figure 4.6, we compare
the exact SER (4.6), the upper bound (4.12) and the asymptotically tight approximation (4.16)
formulations. We observe that the upperbound and the exact SER have similar diversity order,
as both are asymptotically parallel (1dB margin). However, the tight approximation loosely
follows at low SNR, but converges tightly at relatively higher SNR (around 11dB and above)
with the exact SER (4.6). The upperbound SER indicates the worst performance of the strategy
based on the weight parameter defined in Section 4.4.1.
In Figure 4.7, we then compared the SER of the proposed DC strategy, SER of the DF
cooperative communication with single relay using maximal-ratio combining (MRC) at the
destination [97], SER of 2 × 1 Alamouti (using 2 transmitters and 1 receiver) scheme [6],
and the SER of the non-cooperative source-to-destination transmission. The proposed scheme
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Figure 4.6: Comparison of the exact SER formulation, its upper bound, and the asymptotically
tight approximation for the proposed DC strategy.
out-performs the non-cooperative transmission (by more than 5dB) and the cooperative DF
with MRC (by more than 2dB). It tends to emulates a 2×1 Alamouti transmission, however,
lacks behind (almost 3dB) considering the gain due to identical channel conditions for the two
antenna Alamouti scheme as compared to different channel conditions at both the relays in
the proposed DC strategy. The proposed scheme, outperforms the cooperative communication
scheme (with single relay) and the non-cooperative communication scheme due to the diversity
gain it achieves.
Next, we compared the SER for different transmit power levels P1 based on the optimum
power allocation formulations in (4.18) and (4.19). In order to achieve similar power allocation
at both the selected relays, we have assumed similar channel conditions. In Figure 4.8, we
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Figure 4.7: Comparison of SER of the proposed DC strategy with non-cooperative, cooperative
DF with MRC for single relay, and 2×1 Alamouti coding.
investigate the SER performance for three different channel conditions. Firstly, we investigate
the error probability with increased confidence in the source-to-relay link (i.e., δsm = 10, δmd =
1) in Figure 4.8a, and hence, observe the asymptotic optimum power allocation ratio’s P1/P =
0.3226 and P2/P = 0.6774. This leads to the conclusion that with increased confidence in
the source-to-relay link, employing less power at the source and the more at the relay provides
the optimum power allocation that efficiently minimizes the error probability. Figure 4.8b,
when the channel conditions are similar (i.e., δsm = δmd = 1), we observe that P1/P =
0.5161 and P2/P = 0.4839 are the asymptotic optimum power ratio’s to comply with the
total power constraint. Finally, in Figure 4.8c, the optimum power allocation is observed as
P1/P = 0.6774 and P2/P = 0.3226, suggesting that reduced confidence on source-to-relay
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Figure 4.8: SER evaluation with optimum power allocation at the source (a) δsm = 10, δmd = 1,
(b) δsm = δmd = 1, (c) δsm = 1, δmd = 10.
link requires most of the power to be employed at the source to achieve an optimum performance
improvement in terms of SER. It is worth noticing that for a given system with pre-established
channel conditions, the error probability decreases with increasing SNR, and yet, the optimum
power allocation remains the same. It is also observed that identical channel conditions entails
least error floor.
In Figure 4.9, we present the implications of power allocation for, identical channel condi-
tions (i.e., δsm = δmd = 1) and, when confidence is reduced on the source-to-relay link (i.e.,
δsm = 1, δmd = 10). Here, we can easily avoid the case when confidence is reduced on the relay-
to-destination link (i.e., δsm = 10, δmd = 1), as Figure 4.8a and Figure 4.8c, yield similar error
probability. We observe that at low SNR (≤ 10dB) values both equal power and their respective
optimum power allocation yield similar error probability but at relatively higher SNR (15dB
and above) the optimum power allocation improves on the SER gain. To achieve an SER of
10−3 operating under reduced confidence on the source-to-relay link (i.e., δsm = 1, δmd = 10),
we achieve a 1dB improvement for the optimal power allocation. Whereas, under identical
channel conditions (i.e., δsm = δmd = 1), optimum power allocation outperforms the equal
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Figure 4.9: SER evaluation of the proposed DC strategy with equal and optimum power
allocation at the source and relay.
power allocation by almost 1dB to achieve an SER of 10−4. In conjunction to the improvement
in SER achieved by the optimal power allocation, the relays now operate at lower power as
compared to equal power distribution and are still able to cooperate with less error probability.
The power conserved at the relays can be further utilized either to improve on the SER, or utilize
it for later transmissions.
Lastly, we consider the performance of the proposed DC protocol in terms of optimal
position of the relay form source and destination with equal and optimum power allocation.
Figure 4.10 depicts the SER versus the number of sectors q in the circular coverage area under
identical channel conditions. The simulations are carried out for an indoor path loss exponent
α = 3 and increasing coverage area or cell radius upto 3 times. We can observe that for unit
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Figure 4.10: SER evaluation of the proposed DC strategy with different cell-radius and number
of sectors.
cell radius the SER decreases with increasing number of sectors (with each sector having atleast
a pair of relays for cooperation) but degrades steeply after q = 6 for both equal and optimum
power allocation. The improvement in SER is due to the availability of relays that are in close
proximity (as depicted by the shaded region in Figure 4.5), however, increasing sectors to a
point where the relays from the adjacent sectors can also interfere (inter-sector interference)
causes the poor performance as seen in Figure 4.10. Furthermore, as we increase the cell
radius, a marginal improvement in SER is observed by increasing the number of sectors and
similar performance saturation occurs after q = 6. We also observe further decrease in SER by
optimally allocating power to an optimally positioned relay. The improved SER by optimally
positioning the relays can ideally be utilized for coverage expansion towards an acceptable
SER. This leads to the conclusion that introduction of optimal power allocation and optimal
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relay positioning can improve the performance of the proposed DC scheme. Next, we study the
impact of channel estimation on the propsoed DC scheme.
4.7 Performance with Practical Channel Estimation
To use the advantages that virtual MIMO systems offer, an accurate channel state information
(CSI) is required at the source and/or destination. For example, the performance of transmit
beamforming is entirely determined by the accuracy of the CSI at the source. If space-time
coding is used, then the availability of an accurate CSI at the destination is crucial for the
performance of space-time decoders. Therefore, an accurate channel estimation plays a key
role in virtual MIMO communications [103, 104]. One of the most popular and widely used
approaches to channel estimation is to employ pilot training symbols and estimate the channel
based on the received data and the knowledge of these training symbols. We aim to provide
a model considering a more practical estimation method i.e., Least Squared (LS) estimation,
which does not require any knowledge about the channel parameters. Let us continue with
our assumption of the quasi-static system with single source, two relays and a destination, all
equipped with single antenna. The complex received signal vector can be expressed as [105],

yk−1
yk
 =

ga gb
−g∗b g∗a


zk−1
zk
+

nk−1
nk
 (4.27)
this can be given as,
yk = Gzk + nk (4.28)
where G is the complex random channel matrix, zi is the complex vector of the transmitted
signals from the relays, and ni is the complex zero-mean white noise vector. The statistical
expectation of the matrix G is treated as random. It can be observed that any estimator of G is
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supposed to obtain an estimate of a particular realization of this random matrix corresponding
to the current block of the received data. In order to estimate the channel matrix G, we have p
pilot symbols (where p ≥ rm). The corresponding matrix of the received signals is,
Y = GZ +N where Z = [z1, ..., zp] (4.29)
as the training matrix and N is the noise matrix. Channel estimation is put to practise to recover
the channel matrixG based on the knowledge of Y and Z. If we know the pilot and the received
symbols, the channel matrix can be estimated as,
GˆLS = Y Z
† (4.30)
where Z† = ZH(ZZH)−1 is the pseudoinverse of Z and (.)H denotes the hermitian transpose.
We transmit the pilot symbols with a transmit power level constraint ρ,
||Z||2F = ρ (4.31)
where ||.||F is the Frobenius matrix norm, we find Z such that the channel estimation error
minimizes to a transmit power constraint (4.31). This can be given as following optimization
problem,
min
Z
E{||GˆLS −G||2F} subject to ||Z||2F = ρ (4.32)
By using (4.29) and (4.30), we have GˆLS − G = NZ† and, hence, the objective function in
(4.32) can be rewritten as,
FLS = E{||GˆLS −G||2F}
= E{||NZ†||2F}
= σ2tr{Z†HZ†}
= σ2tr{(ZZH)−1} (4.33)
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where we have used the fact that E{NHN} = σ2I . Here, σ2 is the receiver noise power, I is the
identity matrix, and tr{.} denotes the trace of a matrix. This leads to an equivalent optimzation
problem:
min
Z
tr{(ZZH)−1} subject to tr{(ZZH)−1} = ρ (4.34)
It can be readily concluded that any training matrix is optimal for (4.34) if it satisfies,
ZZH =
ρ
r
I (4.35)
Hence, any training matrix with orthonormal basis of the same norm is optimal. Similar facts
have been earlier noted for various cases and from different points of view in [105–107]. From
(4.35) it is observed that, any unique choice of optimal training matrix is independent of the
destination. So, for optimal pilot training symbols, the LS channel estimate (4.30) can be given
as,
GˆLS =
r
ρ
Y ZH = G+
r
ρ
NZH (4.36)
where, r
ρ
NZH is the estimation error. Using (4.33) and (4.35), the channel estimation error
under the optimal training is given by,
min
Z
FLS =
σ2r2
ρ
(4.37)
It is observed that channel estimation error in (4.37) is proportional to the square of the number
of relays used for cooperation. The LS estimate in (4.30) depends on the pilot symbols and it
will not be practical that the pilot symbols be known a priori at the destination. Hence, it is
essential to provide an upper bound on the LS estimation error by introducing a bias. This leads
to the following form of the estimation error in (4.32),
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E{||αGˆLS −G||2F} = tr{E{(αGˆLS −G)H(αGˆLS −G)}}
= (α− 1)2tr{CG}+ α2σ2tr{(ZZH)−1}
= (FLS + tr{CG})
(
α− tr{CG}
FLS + tr{CG}
)2
+
(
FLStr{CG}
FLS + tr{CG}
)
(4.38)
where α is the bias factor, CG = E{GHG} is the channel correlation matrix. The expression in
(4.38) is reduced to (4.33) with,
α0 =
tr{CG}
FLS + tr{CG} (4.39)
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Figure 4.11: Channel estimation MSEs of LS estimator and its Upperbound versus ρ/σ2.
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The error rates becomes especially pronounced when the channel is weak or the transmitted
power is small, i.e., when tr{CG}  σ2r2/ρ. Assuming that the values of tr{CG} and σ2 are
known, then the bias in (4.39) w.r.t. the objective in (4.33) can be given as,
αF =
tr{CG}
σ2tr{(ZZH)−1}+ tr{CG} (4.40)
Note that the bias of this channel estimator in (4.38) is a function of the ratio tr{CG}/σ2.
Moreover, knowing the values of tr{CG} is less restrictive than that of knowing CG or G itself.
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Figure 4.12: SER evaluation of the proposed DC strategy with perfect CSI, LS estimation and
LS Upperbound.
In Figure 4.11, we compare the performance of the LS and its Upperbounded estimation
numerically. We assume that ρ = rm and ga, gb and the noise at d are circular complex Gaussian
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random variables with unit variance. Normalized MSE FLS/r of the LS channel estimator and
its upperbound are presented with optimal training versus SNR = ρ/σ2. Varying the number of
relays rm used for cooperation, we study performance with channel estimation. It is observed
that performance of both the LS estimator and its upperbound degrades with increasing number
of relay nodes, as expected (4.37). Moreover, the upperbounded estimator performs poorly at
lower SNR. Next, we compare the performance of the DC strategy based on CSI in Figure
4.12. It can be observed as expected that for low SNR regime, the LS upperbounded estimation
performs poorly and we get the least error when perfect CSI is available. Furthermore, LS
upperbounded estimation tightly follows the LS at higher SNR levels. Additionally, channel
estimation introduces more error and the DC scheme with perfect channel information performs
better (2dB and more) as compared to when the channel is estimated with training symbols or
the channel correlator. This leads to the conclusion that with practical channel estimation the
proposed DC strategy can be effectively utilized at higher SNR.
4.8 Conclusion
This chapter proposed and evaluated a novel and optimal Decode-to-Cooperate strategy with
multiple relay selection for cooperative communication, when the source-to-destination link is
not available i.e., a strict dual-hop network. The proposed pragmatic scheme ensures that relays
are adequately selected and efficiently utilized, when the source is sequentially transmitting and
the relays transmit the decoded information in order to take part in the cooperative process.
Based on the performance analysis, the proposed scheme achieves diversity gain by selecting
multiple relays and provides 2dB improvement over a similar DF strategy with single relay. It
is also observed that optimum power allocation and relay positioning can further enhance the
performance of the proposed scheme. Finally, we also considered the implication of channel
estimation errors and developed a realistic estimation model for our proposed strategy. Our
proposed strategy can therefore be considered as an ideal candidate to incorporate coopera-
tion towards the design of future wireless communication networks, especially high density
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environments subjected to direct communication constraint. Furthermore, this scheme can
also work effectively towards communication in power limited nodes. Now, that we have
studied the performance of the proposed cooperative model, we consider implementing the
proposed cooperative model on a hardware testbed and evaluate the performance under realistic
conditions in the next Chapter.
Chapter 5
Experimental Evaluation
5.1 Overview
Cooperative communication can attain lower error probability in wireless networks by exploit-
ing the inherent broadcast nature and taking advantage of multi-path propagation. In order
to leverage performance gains achieved by virtual Multiple-Input Multiple-Output (MIMO)
systems, we designed a novel cooperative protocol, Decode-to-COOPerate (DCOOP). We eval-
uated its performance on a testbed implemented on Universal Software Radio Peripheral Re-
configurable Input/Output (USRP-RIO) platform. The main challenge during the testbed de-
ployment was to consider transmission under tightly synchronized nodes in a slow fading
environment. Extensive experiments were performed to evaluate the performance of the testbed
and the results show that it can operate at lower transmit power and increase the coverage area
for a desired bit error rate (BER).
This Chapter is organized as follows: Section 5.2 gives the detailed insight of the need to
design the testbed and present the rationale behind the cooperative protocol. The cooperative
protocol for the testbed is presented in Section 5.3 and the specifications of the wireless standard
under consideration and the hardware and software for the testbed setup are given in Section
5.4 and Section 5.5, respectively. In Section 5.6, system design for testbed implementation and
related design challenges are discussed. Measurement results and analysis are given in Section
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5.7, and finally Section 5.8, presents the conclusion and considerations for future work.
5.2 Introduction
Cooperative communication is emerging as an effective and efficient means of overcoming
multi-path fading and interference in wireless communication. It can be used with existing
wireless technologies without additional infrastructure cost by taking advantage of the broadcast
nature inherent to wireless channel, and thus, enables wireless nodes to cooperate for enhanced
reception. Cooperative communication can be realized as a virtual Multiple-Input Multiple-
Mutput (MIMO) system, enabling single-antenna devices to form a distributed antenna array
system. Furthermore, dual-hop networks can achieve maximum diversity and spatial multiplex-
ing gains by employing a cooperative virtual MIMO configuration [93, 108].
Efficiency of cooperative protocols depends on relay selection, number of relays, and net-
work geometry such as relay positioning and power allocation. In [94], the authors study relay
selection and the diversity achieved by considering exact outage and capacity bounds. Similarly,
diversity analysis of single and multiple-relay selection was investigated [61], to highlight the
performance gain achieved by employing the latter. Space-time block coding (STBC), not only
offers larger diversity order than repetition-based algorithms, but can be effectively utilized
for higher spectral efficiency [62]. Additionally, distributed Alamouti coding promises higher
diversity order with lower error probability and could be employed as a virtual antenna scheme
[88]. Decode-and-Forward (DF) strategy with best-relay (in terms of highest signal-to-noise
(SNR)) alludes achieving maximum diversity order [96]. In terms of power allocation, error
probability of DF strategy was evaluated for a cooperative single relay selection scheme with
optimized power allocation [97].
Software Defined Radios (SDR’s) are increasingly being used in the research community
with a practical goal of evaluating the proposed protocols under realistic conditions. Selection
relaying is investigated for performance improvement over direct transmission and it is observed
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that the cooperative testbed yields lower error probability [109]. Universal Software Defined
Radio (USRP) with GNU radio platform is used to evaluate cooperative communication at
2.4 GHz for Multi-relay synchronization using a timestamp methodology to attain significant
improvement in performance when compared with direct transmission [110]. In [111], the
authors combined Orthogonal Frequency-Division Multiplexing (OFDM) with STBC to en-
hance the performance using Amplify-and-Forward (AF) strategy at 2.4 GHz. Most of the work
mentioned above, and in particular considering DF based cooperative communication, are either
not proposed for a particular wireless standard or theoretical [62] with certain assumptions
that are used to over simplify certain avoidable factors and therefore, cannot be considered a
fully functional real-world radio propagation model. Hence, design of a testbed, to incorporate
cooperation into an existing wireless standard, is yet to be investigated. Moreover, considering
other factors, such as low mobility and high density features of the emerging heterogeneous
networks and the widely accepted IEEE 802.11 standard [1], the variant 802.11a, can serve as
an ideal candidate due to its provision of higher data rates.
The objective in this Chapter can be set to verify the conjecture that incorporating coopera-
tive communication can improve the performance of IEEE 802.11a, in terms of power consump-
tion of nodes and/or extend its coverage area (as it is limited to coverage area when compared
with the 802.11b variant). This led to the development of Decode-to-Cooperate (DCOOP)
protocol and testbed implementation to study the performance of cooperative communication
in contrast to non-cooperative communication.
We believe the methodology we use for protocols design and testbed construction will
provide suggestions to incorporate cooperative mechanism into existing as well as the design of
future wireless systems. We have the following contributions:
• We developed a cooperative protocol and implement a testbed framework based on USRP,
which includes a physical layer implementation.
• We conducted extensive experiments to reveal the system performance of cooperative
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communication with our platform. The result shows significant gain of cooperative trans-
mission compared with direct transmission.
5.3 Cooperative Protocol
The cooperative protocol is inspired by our previous work [63] and the testbed aims to meet
the IEEE 802.11a specification. Firstly, we have a source s transmitting sequentially, and the
destination d seeks help from nearby relay node(s) r, when it is unable to decode directly from
the source. In turn, relay(s) successfully decoding the transmission from source, shows willing-
ness to cooperate and after going through the process of selection, transmits using distributed
Alamouti coding [62], over a dual-hop network, as shown in Figure 5.1. We adopt time-division
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Figure 5.1: DCOOP testbed as virtual antenna SIMO-MISO array.
multiple access (TDMA) method in our design and consider coherence time [112], to consider
a slow fading environment. Furthermore, we have a data transmission phase (consisting of
two time slots) and a control phase (four time slots to implement relay selection) as shown in
Figure 5.2. The relay selection process is based on a handshake between relays and destination.
The outset of the control phase occurs with a Negative-ACKnowledgment (NACK) from the
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Figure 5.2: Timing diagram illustrating data transmission and control phases.
destination. Then the listening relay(s) send relay ID and the average SNR (ASNR) for the
information symbols received in two time slots, indicating that they have decoded and are
willing to cooperate. The destination calculates SNR from the relay, in addition to the received
information form the relay and broadcasts the indices of the selected relay(s). A relay is
selected based on the ASNR gain at the relay (i.e., source-to-relay link) and the destination
(i.e., relay-to-destination links). Now, after the control phase, the selected relay operates as a
transmitting relay to transmit the decoded information to the destination. During the subsequent
transmission phase, the source chooses to transmit new symbols or retransmit the old symbols
(if the transmission from relay falls below a desired SNR level for decoding). This process
of alternate transmission and control phase continues until the source has transmitted all the
frames.
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5.3.1 Decode-to-Cooperate (DCOOP)
The source s transmits two information bearing symbols Sk−1 and Sk during the initial data
transmission phase in two time slots. The symbols received at the listening antennas rm1 and r
m
2
of the m-th relay, each having their own channel coefficients hm1 and h
m
2 are,
Sˆm1(k−1) = S(k−1)h
m
1
√
P1 + n
m
1(k−1)
Sˆm1(k) = S(k)h
m
1
√
P1 + n
m
1(k)
 rm1
Sˆm2(k−1) = S(k−1)h
m
2
√
P1 + n
m
2(k−1)
Sˆm2(k) = S(k)h
m
2
√
P1 + n
m
2(k)
 rm2
(5.1)
respectively. Where we have, ∀ k ∈ nm1(k) ∼ N (0, σ2) and nm2(k) ∼ N (0, σ2), as normally
distributed additive white Gaussian noise samples with zero mean and variance σ2. P1 refers
to the transmission power at the source and hm denotes a quasi-static Rayleigh fading channel
from s→ rm, having a circularly symmetric complex Gaussian envelop with variance δ2sm. The
received signal at the destination using distributed Alamouti STBC is given as,
ˆˆ
S(k−1) = Sˆm1(k−1)g
m
1
√
P2 + Sˆ
m
2(k)g
m
2
√
P2 + n
md
(k−1)
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S(k) = −Sˆm∗1(k)gm1
√
P2 + Sˆ
m∗
2(k−1)g
m
2
√
P2 + n
md
(k)
 (5.2)
where we have, ∀ k ∈ nmd(k) ∼ N (0, σ2) as normally distributed additive white Gaussian noise
samples with zero mean and variance σ2, from the selected relay(s) to destination. P2 refers to
the transmission power at the relay node and gm denotes a quasi-static Rayleigh fading channel
from rm → d, having a circularly symmetric complex Gaussian envelop with variance δ2md.
Finally, the destination combines the information bearing symbols as,
S˜(k−1) =
ˆˆ
S(k−1)gm
∗
1 +
ˆˆ
S∗(k)g
m
2
|gm1 |2 + |gm2 |2
S˜(k) =
ˆˆ
S(k−1)gm
∗
2 − ˆˆS∗(k)gm1
|gm1 |2 + |gm2 |2
 (5.3)
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These symbols are then decoded using a Maximum Likelihood (ML) decision rule [6]. The
transmitting antennas (tm1 , t
m
2 ) of the relay, flush the accumulated interference after transmitting
the decoded symbols. Furthermore, interference cancellation [51, 100] is used at the listening
antennas (rm1 , r
m
1 ) of the relay, to decode the information symbols from source. They receive
successive symbols from the source and interference as the previously decoded symbols from
the transmitting antennas of the relay, simultaneously. After decoding the interference, it is then
subtracted from the previously decoded symbols to obtain the desired symbols, if δ2mtmr  δ2smr
(i.e., the channel gain between the transmitting and listening antennas is greater as compared
to source and listening antennas) or discards the transmission from transmitting relay as noise
if δ2mtmr  δ2smr , before eventually flushing the accumulated interference and start fresh when
the source transmits the next symbols sequentially. As we have already covered theoretical
performance analysis in the previous Chapter, we only consider the performance evaluation
of the protocol for testbed implementation in this Chapter. We will now discuss some of the
specifications related to IEEE802.11a along with the implementation of the testbed and also
present some of the design challenges in the implementation.
5.4 IEEE 802.11a PHY Specifications
The IEEE 802.11a PHY standard is capable of providing data rates of 6, 9, 12, 18, 24, 36,48,
and 54 Mbps. The support of transmitting and receiving at data rates of 6, 12, and 24 Mbps is
mandatory [1] and the testbed implementation will therefore, accommodate these rates in the
design for performance evaluation. The system uses BPSK, QPSK, 16-QAM or 64-QAM for
data modulation/demodulation. It also supports 10 MHz “half-clocked” channel spacing with
mandatory date rates of 3, 6, and 12 Mbps and a 5 MHz “quarter-clocked” channel spacing with
mandatory data rates of 1.5, 3, and 6 Mbps.
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Figure 5.3: IEEE 802.11a PPDU Frame Format [1]
PPDU frame format
The frame format used at the PHY layer in IEEE 802.11a is given in Figure 5.3, consisting
of PHY Layer Convergence Procedure (PLCP) preamble field, a SIGNAL field and the DATA
field. This frame is the PLCP Protocol Data Unit (PPDU) frame and the details of the sub-fields
within the PLCP header are given in [1].
Modulation Parameters
The modulation parameters considered for IEEE802.11a are given in Table 5.1. It indicates
the achieved data rates using these modulation schemes and provides the number of coded bits
per OFDM symbol NC and number of data bits per OFDM symbol ND for each modulation
scheme. ND is considered in the design of PHY layer frame structure for our testbed.
5.5 Hardware & Software Specifications for the Testbed
In this section, we provide details on the hardware and software used for the testbed devel-
opment. USRP is the culmination of SDR consisting of programmable radio platforms for
prototype development in radio and wireless communications. From automotive to consumer
electronics, National Instrument’s (NI’s) integrated hardware and software platform is widely
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Table 5.1: Modulation Parameters in IEEE 802.11a[1].
Modulation
Data
Rate
Mbps
Coding
Rate
R
Coded bits
per OFDM
Symbol NC
Data bits
per OFDM
Symbol ND
BPSK 6 1/2 48 24
BPSK 9 3/4 48 36
QPSK 12 1/2 96 48
QPSK 18 3/4 96 72
16-QAM 24 1/2 192 96
16-QAM 36 3/4 192 144
64-QAM 48 2/3 288 192
64-QAM 54 3/4 288 216
being used as a complete set of powerful and flexible technology, aimed at accelerating develop-
ment and rapid innovation [113]. For signal processing in wireless communication, NI and its
child company Ettus Research [114] provide SDR platform including the USRP with different
capabilities. One particular model is the USRP-2953R [115]. This particular SDR comes with
a Xilinx Kintex-7 Filed Programmable Gate Array (FPGA), which is a reconfigurable. NI
has developed a programming software known as Laboratory Virtual Instrument Engineering
Workbench (LabVIEW) [116]. This tool software is based on a system design platform and
offers real-time processing when data is streamed to and from the USRP using a high speed and
low latency connection in the form of a PCI express interface. Undoubtedly, the innovation of
both USRP and LabVIEW has helped researchers and industrial partners in rapid prototype de-
velopment and performance evaluation. Especially, researchers around the world are using this
seamless design flow of hardware and software to prototype a wide range of advanced research
applications including Over-The-Air (OTA) [117], massive MIMO [118, 119], cognitive radio
[53], and also to consider application specific testbed designs such as MIMO power allocation
[120] and IEEE802.11 under jamming [121]. Additionally, this upcoming technology is actively
being pursued in academia [122, 123].
The technical specifications of USRP units (NI USRP-2953R) used in this project are as
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follows [115]:
• 1.2 GHz to 6 GHz Tuneable RF Transceiver.
• Large reconfigurable DSP48 based Xilinx Kintex-7 FPGA.
• Maximum 40 MHz per channel real-time bandwidth.
• High-speed, low-latency PCI Express x4 (800 Mbps) connection to the host.
• Optimised RF performance with corrections for DC offset, I/Q imbalance and amplitude
accuracy.
• Unified NI LabVIEW design flow for host and FPGA.
• NI LabVIEW (32-bit) and LabVIEW FPGA module for FPGA programming.
The front and back panel of the USRP-2953R are illustrated in Figure 5.4. The front panel
consists of two RF terminals (RF0 and RF1), each having the two SubMiniature version A
(SMA) ports to mount two antenna. As indicated in Figure 5.4, one of the port can act as a
transmitter TX1 and receiver RX1 and the other can act only as the receiver RX2. On the back
panel, we have a port for the serial connection to the host machine in the form of a PCIe x4 slot
and an SMA port to mount a GPS antenna. This is the brief description of the ports used during
the experimental setup and more details on the functionality of the complete device is available
at [115, 124]
5.6 Implementation
An extensive measurement campaign was carried out at Queensland University of Technology
(Gardens Point Campus, S-Block, Level-6) at 5.865 GHz (ISM band). The walls and pillars
of this level are made of reinforced concrete (approx. 30 cm thick) and having clear glass
single glazed windows, soft-partitions and glass doors (approx. 1.5 cm thick) as shown in
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Figure 5.4: NI USRP-2953R Module Front and Back Panel Connectors [124]
Figure 5.5. We have three software-defined radio nodes, with RF-frontend implemented in
Universal Software Radio Peripheral board (USRP-2953R) [115], and the cooperative module
implemented in LabVIEW. As mentioned in technical specifications, USRP-2953R is a radio
peripheral capable of operating at 1.2 GHz to 6 GHz supporting upto 40 MHz bandwidth and
also contains a Global Positioning System Disciplined Oscillator (GPSDO) for synchronization
purpose. We are using omnidirectional VERT2450 dual-band antennas (operating under 2.4 −
2.5 and 4.9− 5.9 GHz) [125] and the baseband digital signal out of USRP-2953R motherboard
is sent via cabled PCI-Express connectivity kit [126] to the host computer for physical layer
signal processing. We implement the testbed with a single MIMO enabled relay node (as seen
in Figure 5.1) to avoid unnecessary implementation complexity, and this can essentially serve
as a combination of two near-by relays.
5.6.1 System Design
DCOOP is designed to support dual-hop communication by employing a fixed short-preamble,
such that, the frame detection is only triggered at the first hop (i.e., at the relays). We consider
IEEE 802.11a standard and a 24 bit long PHY Layer Convergence Procedure (PLCP) preamble.
This choice of preamble length is long enough to account for least square (LS) channel esti-
mation. Next, we consider a single OFDM symbol transmitted per PLCP Protocol Data Unit
(PPDU) frame with ND = 96 data bits per OFDM symbol, as shown in Figure 5.6. This allows
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Figure 5.5: Floor plan and location of source, relay and destination.
us to compare frame transmission time in contrast to channel coherence time Tc. We anticipate
the channel to remain constant till the initial two frames from the source are received at the
destination (i.e., k = 8), and define this expected time for multiple frames transmission as total
transmission time Tt. Table 5.2 summarizes coherence time and total transmission time, with
node mobility v and consider the mandatory data rates as defined in the IEEE 802.11a OFDM
PHY i.e., 1.5, 3, and 6 Mbps for quarter-clocked 5 MHz channel bandwidth, 3, 6, and 12 Mbps
Rate
4 bits
Reserved
1 bit
Length
12 bits
Parity
1 bit
Tail
6 bits
Service
16 bits
PSDU Tail
6 bits
Pad
bits
PLCP Preamble
24 bits
Signal
24 bits
Data
22+96=118 bits
Figure 5.6: IEEE 802.11a PPDU Frame Format for DCOOP.
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for half-clocked 10 MHz and 6, 12, and 24 Mbps for 20 MHz. For a pedestrian walking at 1
m/s (or 3.6 km/hr), Tc is approximately twenty folds greater than Tt for the lowest data rate of
1.5 Mbps with ND = 96 bits and reduces to tenfold of Tt with ND = 48 bits, which in theory
is emblematic of a slow fading environment. In this work, we only consider ND = 96 bits and
fixed node transmission, however, from Table 5.2, it is quite evident that increasing speed upto
3 m/s (or 10.8 km/hr) still maintains a slow fading environment.
Table 5.2: Coherence and total Transmission time for QPSK based Modulation.
v [m/s] Tc[µs]
Tt[µs]
1.5 Mbps 3 Mbps 6 Mbps 12 Mbps 24 Mbps
1 21636.8
885.33 with
ND = 96
1770.66 with
ND = 48
442.66 with
ND = 96
885.33 with
ND = 48
221.33 with
ND = 96
442.66 with
ND = 48
110.66 with
ND = 96
221.33 with
ND = 48
55.3333 with
ND = 96
110.666 with
ND = 48
2 10818.4
3 7212.6
4 5409.2
5 4327.3
5.6.2 Design Challenge
To implement the testbed as described in the previous sections, we have two key challenges,
• To distinguish the start of a new frame for synchronization. This is required to synchro-
nize the transmission between source-to-relay and relay-to-destination.
• To design the nodes such that they transmit and receive in a TDMA manner as in Figure
5.2.
To guarantee correct decoding, frame initiation or preamble of any two transmitted frames
need to be identified. Our testbed tends to exploit spatial diversity, by employing concurrent
transmissions from spatially co-located antennas. For concurrent transmission, the signal from
one path should be combined with the other path’s signal. This can only be done when the
preamble is known at all the nodes, as only after the signals are correlated with a known
106 CHAPTER 5. EXPERIMENTAL EVALUATION
Relay
Source
(a) Source and relay node
Relay
Destination
(b) Relay and destination node
Figure 5.7: Experimental setup for DCOOP.
preamble, can the start of the frame can be identified. The destination receives multiple signals
at the same time and it cannot separate them individually. Instead, it receives a superposition
of the two signals after path fading. Furthermore, as the distance between two nodes is only
several meters, the delay differentiation from relay to the destination can be reasonably ignored.
In order to achieve tight synchronization between all the nodes, we can use either an external
clock source (common to all the nodes) or utilise the inbuilt GPS capability of USRP-2953R.
The use of GPS was favourable for the experimental apparatus to avoid unnecessary connections
between nodes. For this, all the nodes were allowed to start randomly and once locked to
the GPS, the pre-lock transmission was discarded. Use of OFDM based distributed Alamouti
transmission along with a shorter preamble [127], allowed suppressing the timing and frequency
offsets. As a result, we achieve synchronization by employing a MIMO enabled relay for indoor
environment.
To deal with the second design challenge, we scale down the onboard clock (125 MHz) of
the USRP-2953R, to our transmission bandwidth of 20 MHz and define the frame duration as
well as the frame decoding and generation delay. Based on the fixed frame length (of 166 bits
from Figure 5.6), we calculate the frame duration (e.g., 27.66 µs for 6 Mbps) and add a realistic
hardware based delay (of 100µs), when the frame is received at the relay and regenerated to be
sent to the destination [110]. Although, this increases Tt (in Table 5.2), however, it does not
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Figure 5.8: Relay signal based on ASNR
compromise slow fading conditions for the testbed (e.g., 1021.33 µs for 6 Mbps). So, the source
transmits two frames and then waits for four frame slots to transmit the next two frames and
continues until all frames are sent. The relay node after receiving the initial two frames (slots
1− 2) from the source, receives a NACK (slot 3) from the destination and transmits one control
frame from interface RF0/TX1 (slot 4) and another from interface RF1/TX1 (slot 5). These
control frames sent by the relay includes a two bit-long ASNR (signalled as “00” ≤ 6 dB, “01”
for 6−12 dB, “10” for 13−18 dB and “11” for≥ 19 dB based on QPSK (as illustrated in Figure
5.8) and can be modified for higher order modulation) along with an identification marker of
equal length for the interface information. The destination now ranks the relay interfaces and
broadcasts the indices (slot 6). When aggregating the transmission phase and the control phase,
we have a cycle of 6 frame slots.
Finalizing the testbed, we present the block diagram in Figure 5.9. The transmission starts
at the source node generating symbols and interleaving them with pilot symbols to transmit
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Figure 5.9: Block diagram for the DCOOP testbed
them over the air interface using a single transmit antenna. Next, receiving antennas at the
relay node receive these symbols and performs LS channel estimation using the pilot symbols.
The received symbols are then encoded using Alamouti STBC and transmitted over the air
interface using the transmitting antennas. Finally, the destination node receives the two streams
and performs LS channel estimation prior to decoding the symbols based on Alamouti STBC.
Hence, we achieve TDMA based transmission and also consider synchronization for concurrent
transmissions from the relay node.
Table 5.3: Measurement Parameters for DCOOP testbed.
Carrier Frequency [GHz] 5.865
Bandwidth [MHz] 20
Data Rate [Mbps] 24, 12, 6
OFDM Symbol Duration [µs] 4, 8, 16
Preamble [µs] 1, 2, 4
Antenna Height [m] 0.8
Modulation QPSK
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5.7 Experimental Results
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Figure 5.10: Average BER vs Tx Power for data rate 6 Mbps
In this section, we present the experimental apparatus, related parameters and study the
physical layer performance of the testbed in terms of bit error rate (BER). The experiments
were carried out in an indoor room-corridor scenario as in Figure 5.7 and the measurement
parameters are listed in Table 5.3.
For DCOOP, source and relay nodes are fixed at a distance approximately 5m apart, and
the distance between relay and destination varies (Figure 5.5). To compare the performance of
DCOOP, we also considered direct transmission by replacing the relay with the source node and
receive a re-transmitted frame at the destination, to have fairness in comparison with minimal
changes to the testbed. To calculate BER, we transmit 100 frames and record 10 readings for
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each transmission and average the recorded values to attain average BER. This average is taken
to generalize and compare the performance of DCOOP and direct transmission under realistic
environment.
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Figure 5.11: Average BER vs Tx Power for data rate 12 Mbps
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Figure 5.12: Average BER vs Tx Power for data rate 24 Mbps
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Table 5.4: Average BER based on transmit power for DCOOP testbed.
Tx P[dBm]
6 Mbps 12 Mbps 24 Mbps
DCOOP Direct DCOOP Direct DCOOP Direct
7 2.13E-1 − 2.63E-1 − 3.32E-1 −
9 7.37E-2 − 1.56E-1 − 1.65E-1 −
10 − 5.01E-1 − 6.75E-1 − 7.01E-1
11 2.12E-3 − 7.92E-3 − 1.05E-2 −
12 − 3.3E-1 − 1.74E-1 − 0.43E-1
13 2.58E-4 − 1.25E-3 − 4.12E-3 −
14 − 9.27E-3 − 1.53E-2 − 8.45E-2
We study the performance of the testbed by evaluating the average BER for different trans-
mit power (Tx Power) and by varying distance (do). We control Tx Power by adjusting the
antenna gain parameter and measuring it using a power meter. In Figures 5.10, 5.11, 5.12,
we consider different data rates (6, 12, and 24 Mbps) to evaluate the performance when all the
nodes are equi-distance (approximately 5 m) from each other. For fairness in comparison, we
consider total transmit power for direct transmission and distribute this power equally between
the source and the relay for DCOOP (e.g., if the source employs 10 dBm for direct transmission,
it is equivalent to 7 dBm for DCOOP at source and relay node and similarly for other power
levels). Here, we have two key observations, firstly, DCOOP outperforms direct transmission
for all data rates considered and secondly, the least BER is recorded for the lowest data rate.
Furthermore, in Table 5.4, we notice that for 6 Mbps and Tx Power of 11 dBm for DCOOP, the
average BER is 2.12×10−3, lower than the average BER of 9.27×10−3 for direct transmission
with Tx Power 14 dBm. Similarly, improved BER is achieved by the testbed for all power
levels, when compared with direct transmission. This improvement in performance can be used
to transmit at a lower power level to conserve energy and achieve a desired BER for the testbed.
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Figure 5.13: Average BER vs do for data rate 6 Mbps
Table 5.5: Average BER based on distance between relay and destination (DCOOP), source
and destination (Direct).
do[m]
6 Mbps 12 Mbps 24 Mbps
DCOOP Direct DCOOP Direct DCOOP Direct
5 2.12E-3 9.27E-3 7.92E-3 1.53E-2 1.05E-2 8.45E-2
7 2.51E-3 1.61E-2 9.58E-3 2.68E-2 1.45E-2 1.33E-1
9 3.46E-3 4.80E-2 1.95E-2 1.14E-1 6.08E-2 3.27E-1
11 5.73E-3 7.16E-2 4.31E-2 2.25E-1 1.25E-1 5.37E-1
13 1.11E-2 1.64E-1 1.13E-2 4.83E-1 4.85E-1 7.87E-1
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Figure 5.14: Average BER vs do for data rate 12 Mbps
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Figure 5.15: Average BER vs do for data rate 24 Mbps
Next, in Figures 5.13, 5.14, 5.15, we have constant Tx Power for both DCOOP (11 dBm)
and direct transmission (14 dBm), and then study the effect on BER by changing the distance
of the destination node (d1 = 5 m, d2 = 7 m, d3 = 9 m, d4 = 11 m, d5 = 13 m). In
general, moving the destination further away, leads to degraded performance for both DCOOP
and direct transmission. With increasing data rates, the average BER shows a steep increase
when do reaches 9 m for both DCOOP and direct transmission. This dual-slope log distance path
loss model was experimentally verified in [128] for direct communication. Our experimental
findings are not only in agreement for direct transmission but also suggest that it is applicable
on cooperative transmission (i.e., DCOOP testbed). In Table 5.5, we calculate the average
BER, and provide detailed performance improvement of the testbed as compared to direct
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transmission. It can be seen that for a given data rate of 6 Mbps, direct transmission achieves an
average BER of 1.61× 10−2, when the source is 7 m apart from the destination. In comparison,
we observe increase in coverage area with almost similar error rate (1.11 × 10−2) for DCOOP
transmission, with the destination 13 m away from the relay. This enhancement in performance
can be observed for higher data rates as well. Hence, in conclusion, our testbed is not only
capable of operating at low power levels but can also be considered to improve the coverage
area.
Limitations and future design of DCOOP testbed
Despite the performance gain, the experimental setup might be used in future under differ-
ent conditions e.g., node mobility, outdoor environment (urban and rural) and using different
hardware for the measurement campaign. In order to include mobility, there are two options;
either using Laptops (with associated connectivity) connected to the USRP-RIO devices and
use an assembly that can move or simply clamping the USRP-RIO devices to a movable as-
sembly and consider the internal buffer memory of the USRP-RIO to record transmissions
for performance evaluation. Furthermore, carrying the experiments in outdoor environment
subjected to node density requires a vehicular environment but this experimentation will be
subjected to the coverage area of the underlying antenna hardware used. Finally, the use of
USRP-RIO devices enabled suppressing the frequency offsets with MIMO synchronized nodes,
however, any other SDR device can be used for similar measurements subjected to the usage of
appropriate synchronization methodology.
5.8 Conclusion
In this chapter, we have implemented the proposed cooperative model on a testbed for perfor-
mance evaluation. The cooperative testbed DCOOP was implemented on SDRs and is based
on IEEE 802.11a standard. We performed experiments in an indoor environment and empirical
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results for indoor measurements suggests that, DCOOP can effectively enhance the performance
of existing wireless standards. The performance evaluation suggests that cooperative designs
can successfully be considered for the design of future wireless communication networks,
especially high density environments subjected to direct communication constraint. In future,
the focus will be to evaluate the testbed on two-way relaying rather than only considering source
to destination transmission and also consider node mobility.
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Chapter 6
Conclusion and Future Recommendations
In this concluding chapter, we will summarize our contributions and discuss potential research
directions for the future. Firstly, a brief summary of the research work is given in Section 6.1.
The contributions made in this thesis are outlined in Section 6.2. Finally, Section 6.3 provides
future avenues and directions based on the outcomes and results of this research.
6.1 Summary
The research in this thesis has primarily looked at developing a cooperative model based on
relay selection with practical channel estimation, and later embody the proposed model with a
testbed.
Initially in Chapter 1, the basic motivation for this research was presented, followed by a
comprehensive literature review (Chapter 2) to investigate the design of a cooperative commu-
nication model and to highlight the areas of contribution. Next in Chapter 3, we incorporate the
design challenges in wireless networks and a quantitative approach was followed to provide a
detailed model for an efficient relay selection in a cooperative design.
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In Chapter 4, we extended the proposed relay selection scheme with certain design limita-
tions e.g., dual-hop scenario and direct link failure to obtain tightly bound error rates. We then
consider power allocation between the source and the relay nodes for the cooperative process
and derive bounds to obtain optimal power allocation. Furthermore, we consider coverage
expansion by formulating coverage area for the cooperative process and this resulted in optimal
relay positioning based on coverage expansion. Finally, we also considered our cooperative
design in the presence of practical channel estimates and obtained sub-optimal performance
when compared with perfect CSI availability.
Lastly in Chapter 5, we considered the thoroughly analysed proposed model towards a real-
world implementation. This led us to look into the IEEE802.11a standard and consider it for
our implementation to highlight the low power consumption and coverage expansion offered by
cooperative communication as compared to direct communication.
6.2 Contributions
This thesis discussed the performance enhancement achieved by using cooperation in wireless
communications. Specifically, we have made the following original contributions:
• We have analysed the outage probability based on mutual information exchange between
nodes. This lead us to establish the Diversity-Multiplexing Trade-off (DMT) and its
upper bound for the proposed relay selection scheme. We also quantify the performance
enhancement the proposed relay selection scheme offers in terms of the physical layer bit
error rates. The proposed relay selection cooperative scheme outperforms other schemes
in terms of DMT and BER [63].
• Combining the performance achieved based on the above mentioned contributions, we
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design a scheme such that the source node keeps transmitting sequentially in a dual-
hop scenario. We derive a closed form expression for symbol error rate (SER), its up-
per bound and an asymptotically tight approximation to exploit the performance gain
by selecting the optimum relays in a multiple-relay cooperation scheme. Moreover,
asymptotic optimum power allocation (based on the SER approximation) and optimal
relay positioning are also considered to further improve the SER. The proposed scheme
provided improvement in terms of SER [129].
• We also consider the implication of channel estimation towards the design of a practical
cooperative model and hence, provide a model for channel estimation using pilot symbols.
We compared the performance of the proposed scheme when complete CSI is available
at the destination with channel estimation and its upper bound. The proposed scheme
provided improvement in terms of SER with perfect channel estimate [130].
• Finally, we evaluated the proposed cooperative relay selection model for its performance
based on realistic hardware implementation and consider USRP-RIO devices for the
testbed setup. Using the testbed, we conducted an extensive measurement campaign to
corroborate with the theoretical performance bounds. The testbed achieved lower BER as
compared to direct transmission. It also provided better coverage as compared to direct
transmission. [131].
6.3 Future Recommendations
This section provides recommendations to further explore the research contributions in this
thesis.
• Chapter 3 mainly focused on the design of an efficient relay selection scheme using DF
strategy. A feedback channel is established for relay selection between the destination and
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the relays using half-duplex configuration. Although DF based schemes are computation-
ally complex and the use of half duplex served well to investigate the performance of the
cooperative scheme, yet further analysis can be performed by taking into consideration
full-duplex capability based on the same system model.
• Chapters 4 and 5 provided detailed analysis on the error rate performance of a dual-hop
configuration which can be extended by analysing the error-performance towards multi-
hop scenarios. However, it could be expected that the closed-form expression for error
rates and associated expressions on definite integrals might not be viable. Moreover, the
cooperative relay selection in multi-hop networks needs consideration, as there is a void
in relevant literature.
• We have considered multiple relay selection with fixed number number of relays i.e., two
for each transmission. This can be further extended for a more generalized number of
relays per transmission using higher order STBCs.
• In this thesis, we have considered one-way relaying i.e., source to destination communi-
cation. It would be worthwhile to obtain further performance improvement by consider
two-way relaying where both source and destination nodes have data to send and the
relays cooperate by offering help to both source and destination.
• Although the experimental testbed was modelled to account for mobility of nodes but due
to the nature of experimental setup the mobility of nodes and associated performance was
not analysed and could be consider for future work towards the performance evaluation
of the testbed.
Appendix A
Probability Density Function (pdf) of w
In order to compute the upper bound on the error probability, we have to derive the probability
density function (pdf) of w,
f(w) = f
(
min(X, Y )
max(X, Y )
)
(A.1)
Where X and Y are considered as independent exponential variables with densities a exp−au
and b exp−bu, u > 0, respectively.
Pub
(
min(X, Y )
max(X, Y )
≤ x
)
= P(X ≤ xs) = 1− exp−axs (A.2)
Additionally, for 0 < x < 1 and s > 0, a is the variance for the source-to-relay link and b is the
variance for the relay-to-destination link. So, by conditioning the law of total probability on Y ,
Pub
(
min(X, Y )
max(X, Y )
≤ x
)
=
∫ ∞
0
P (min(X, s) ≤ max(X, s)x) b exp−bs ds
=
∫ ∞
0
(1− exp−axs)b exp−bs ds = 1−
(
b
ax+ b
)
,
0 < x < 1
(A.3)
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the pdf of (A.3) can be obtained by taking its derivative. The probability density function fw of
the min. max. ratio on (0, 1) is given by,
fw(x) =
d
dx
(
1−
(
b
ax+ b
))
=
ab
(ax+ b)2
, 0 < x < 1 (A.4)
which is in conformity,
∫ 1
0
fw(x)dx =
(
1−
(
b
ax+ b
))
|10= 1−
b
a+ b
(A.5)
as it is < 1. It signifies that,
Pub(w = 1) = b
a+ b
, and satisfies,
Pub(w = 1) = P
(
min(X, Y ) = max(X, Y )
)
P
(
X = Y
) (A.6)
so therefore, conditioning the law of total probability on X ,
Pub(w = 1) =
∫ ∞
0
P
(
Y
X
≤ u
)
a exp−au du
= 1− a
a+ b
=
b
a+ b
(A.7)
the cumulative density function (cdf) is given as,
Fw(1)− lim
x→1−
FR(x) = 1− lim
x→1−
(
−1− b
ax+ b
)
=
b
a+ b
(A.8)
where Fw(1) = 1 (i.e., having a jump discontinuity at x = 1) which is the probability Pub(w =
1). The density function of w exists only for x < 1, and is given as,
fw(x) =
ab
(ax+ b)2
, 0 < x < 1 (A.9)
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and
Fw(x) = 1−
(
b
ax+ b
)
, 0 < x < 1 (A.10)
Therefore, the pdf of w = min(X,Y )
max(X,Y )
, given a and b as the variance of random variable’s x and y,
respectively, could be expressed as,
fw(x) =
ab
(ax+ b)2
+
(
b
a+ b
)
δ(x− 1) (A.11)
Substituting (4.10) and (A.11) in (4.11), we have an upper bound on the SER as given in (A.12)
and by using partial fraction expansion technique on the first integral term in (A.12), we can get
(A.13).
Pub ≤(M− 1)
2σ2
2
M2
×
∫ 1
0
(
(σ2 + wBa)(σ
2 + wBb) + (σ
2 + wAa)(σ
2 + wAb)
(σ2 + wAa)(σ2 + wAb)(σ2 + wBa)(σ2 + wBb)
)
ab
(aw + b)2
dw
+
(M− 1)2σ22
M2
×
∫ 1
1
(
(σ2 + wBa)(σ
2 + wBb) + (σ
2 + wAa)(σ
2 + wAb)
(σ2 + wAa)(σ2 + wAb)(σ2 + wBa)(σ2 + wBb)
)
b
(a+ b)
δ(w − 1)dw
(A.12)
(σ2 + wBa)(σ
2 + wBb) + (σ
2 + wAa)(σ
2 + wAb)
(σ2 + wAa)(σ2 + wAb)(σ2 + wBa)(σ2 + wBb)
× ab
(aw + b)2
=
Xa
(σ2 + wAa)
+
Xb
(σ2 + wAb)
+
Xc
(σ2 + wBa)
+
Xd
(σ2 + wBb)
+
Xe
(aw + b)2
+
Xf
(aw + b)
(A.13)
Finally, ignoring the zero probability component of the expansion and replacing a and b with
respective channel variances, we can conclude the SER upper bound of the system as,
Pub ≤(M− 1)
2σ2
2
M2
(
(σ2 +Ba)(σ
2 +Bb) + (σ
2 + Aa)(σ
2 + Ab)
(σ2 + Aa)(σ2 + Ab)(σ2 +Ba)(σ2 +Bb)
)
× δ
2
rad
δ2rbd
δ2sraδ
2
srb
+ δ2radδ
2
rbd
(A.14)
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